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CONVERSION FACTORS

For readers who may prefer to use metric (International System) units
rather than inch-pound units, the conversion factors for the terms in this
report are listed below:

Multiply inch-pound unit By To obtain metric unit

acre 4,047 square meter

acre-foot per year 1,234 cubic meter per year
(acre~ft/yr)

cubic foot per second (ft3/s) 0.02832 cubic meter per second

foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot per mile (ft/mi) 0.1894 meter per kilometer

inch 25.4 millimeter

inch per year (in/yr) 25.4 millimeter per year

gallon per minute (gal/min) 0.06308 liter per second

mile (mi) 1.609 kilometer

square mile (mi2?) 2.590 square kilometer

Sea level: 1In this report "sea level” refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a
general adjustment of the first-order level nets of both the United States
and Canada, formerly called "Sea Level Datum of 1929."

vi



A DIGITAL SIMULATION OF THE GLACIAL-AQUIFER SYSTEM IN THE

NORTHERN THREE-FOURTHS OF BROWN COUNTY, SOUTH DAKOTA

By Patrick J. Emmons

ABSTRACT

The drought in South Dakota from 1974-76 and the near-drought conditions
in 1980-81 have resulted in increased demands on the ground-water resources
within many of the intensively irrigated areas of the James River basin in
eastern South Dakota. These increases in demand for irrigation water from
the glacial-aquifer system and concern about the adequacy of the ground-water
resources for future development have created a need for a systematic water-
management program to avoid overdevelopment of these aquifers in the James
River basin.

A complex hydrologic system exists in the glacial drift overlying the
bedrock in Brown County. This system has been subdivided in descending order
into three aquifers: the Elm (aquifer layer 1), Middle James (aquifer
layer 2), and Deep James (aquifer layer 3) aquifers. These sand and gravel
outwash aquifers generally are separated from each other by till and other
fine-grained sediments. Fine-grained lake deposits, which were deposited on
the bed of ancient Lake Dakota, are not an important aquifer but commonly
provide recharge to and discharge from the Elm and Middle James aquifers.

These three aquifers were simulated under steady-state and transient
conditions using the U.S. Geological Survey’s modular, three-dimensional,
finite-difference, ground-water flow model program. The simulations were
used to help understand flow in the glacial-aquifer system. An equally
spaced grid containing 86 rows and 70 columns was used to simulate the
glacial-aquifer system. The steady-state simulation represents the system
under equilibrium conditions. The maximum available steady-state recharge to
the aquifer was 7.0 inches per year and the maximum potential evapotranspira-
tion was 35.4 inches per year. The thickness of the confining bed overlying
the uppermost active aquifer controls the actual amount of recharge or
evapotranspiration which can occur in each model grid block. The simulated
steady-state potentiometic heads were compared to the average water levels
from observation wells in aquifer layer 1 and aquifer layer 2 as a means of
checking the accuracy of the simulations. The average differences were
0.78 feet for aquifer layer 1 and 3.49 feet for aquifer layer 2. The average
absolute difference was 4.59 feet for aquifer layer 1 and 5.10 feet for
aquifer layer 2. There were no water-level data available to check the
accuracy of aquifer layer 3. The steady-state simulated water budget
indicates recharge from precipitation accounts for 94.8 percent of the water
entering the system and evapotranspiration accounts for 95.8 percent of the
water leaving the system. The sensitivity analysis of the steady-state model
indicates that it is most sensitive to reductions in recharge and least
sensitive to changes in hydraulic conductivity.



In the monthly transient simulations for 1985, recharge, evapotranspira-
tion, and pumpage were varied monthly. The maximum monthly recharge ranged
from zero during the winter months to 2.51 inches in May. The maximum
potential evapotranspiration ranged from zero during the winter months to
7.03 inches in July. The average monthly difference between the simulated
and observed water levels ranged from -2.54 feet in July to 1.48 feet in
January for aquifer layer 1 and from -1.22 feet in April to 4.98 feet in
October for aquifer layer 2. The average absolute differences for aquifer
layer 1 ranged from 4.16 feet in September to 6.31 feet in February and
ranged from 3.96 feet in April to 8.23 feet in August for aquifer layer 2.
The water levels for the monthly transient simulations varied considerably as
a result of changes in recharge, evapotranspiration, storage, and pumpage.

INTRODUCTION

The drought in South Dakota from 1974-76 and the near-drought conditions
in 1980-81 have resulted in increased demands on the ground-water resources
within many of the intensively irrigated areas of the James River basin in
eastern South Dakota. Between 1972 and 1980, the total quantity of ground-
water irrigation from the glacial-aquifer system in the James River basin
increased from 4,999 acre-ft/yr (South Dakota Water Resources Commission,
written commun., 1973) to 35,422 acre-ft/yr (South Dakota Department of Water
and Natural Resources, written commun., 1981), an increase of greater than
600 percent. These increases in demand for irrigation water from the
glacial~-aquifer system and concern about the adequacy of ground-water
resources for future development have created a need for a systematic water-
management program to avoid overdevelopment of these aquifers in the James
River basin.

In 1983, the South Dakota Department of Water and Natural Resources and
the City of Aberdeen entered into a cooperative agreement with the U.S.
Geological Survey to define the flow system of the glacial-aquifer system in
the northern three-fourths of Brown County (fig. 1). More specifically, the
study will improve definition of the glacial-aquifer boundaries; determine
the aquifer thicknesses, direction of ground-water movement, and hydrologic
properties of the glacial-aquifer system; and identify areas of ground-water
recharge and discharge and determine rates of natural recharge and discharge.
This report presents the results of the investigation of the glacial-aquifer
system in the northern three-fourths of Brown County using a three-
dimensional ground-water flow model and describes the design and calibration
of that model.

The scope of this investigation included the collation and synthesis of
aquifer-test data, well and test hole logs, water-level measurements, pumpage
data, and other miscellaneous geohydrologic data.

The aquifer-test data provided site-specific information on the trans-
missivity, hydraulic conductivity, and storage coefficient of the aquifers.
Well and test-hole data for Brown, Marshall, and Day Counties were obtained
from the South Dakota Geological Survey, U.S. Geological Survey, U.S. Bureau
of Reclamation, private drillers, and other miscellaneous sources. The well
and test-hole data provided detailed information on the extent, thickness,
and composition of the aquifers and confining beds. Where existing data were
inadequate, the South Dakota Geological Survey drilled 32 additional test
holes. Water-level data that were obtained from the South Dakota Department
of Water and Natural Resources provided historical water-level data and
allowed for the determination of long-term water-level changes. During 1984
and 1985, the U.S. Geological Survey measured 47 wells to provide additional
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‘water-level data where it was lacking or insufficient. The South Dakota
Department of Water and Natural Resources provided pumpage data that were
used to determine the magnitude of the stress being applied to the aquifer
system.

All these data were used to develop a digital flow model of the aquifer
system. The aquifer system was simulated by using the U.S. Geological
Survey’s modular three-dimensional finite-difference ground-water flow model
program developed by McDonald and Harbaugh (1984).

Wells and test holes used in this report are numbered according to the
Federal land-survey system of eastern South Dakota (fig. 2).

GEOLOGIC SETTING

During the Pleistocene Epoch, continental glaciers from the north and
east covered eastern South Dakota, depositing a blanket of glacial drift over
the eroded preglacial bedrock surface. The glaciers radically altered the
topography by partially filling major valleys, entirely obliterating many
small valleys, scouring new valleys, and forming massive end moraines. The
overall effect of glaciation has been to lower the local topographic relief.
One of the greatest changes caused by the glaciers was the rearrangement of
the surface drainage. Before glaciation, the main streams flowed toward the
east. As a result of glaciation, the drainage in eastern South Dakota is now
predominately southward (Flint, 1955).

The James River basin is a lowland of low to moderate relief trending
northward between the Coteau du Missouri highlands to the west and the Coteau
des Prairies highlands to the east. The basin is 50 to 75 mi wide and about
250 mi long in South Dakota. The James River, which occupies the central
axis of the basin, drains the basin to the south (Flint, 1955).

Most of the surficial deposits in the study area (fig. 1) are the result
of glaciation and collectively are called drift, which is any material
deposited by or from a glacier. Drift in Brown County can be subdivided into
three major types--till, outwash, and lake deposits--that differ greatly in
physical and hydraulic characteristics. Till, which was deposited directly
from or by glacial ice, is a heterogeneous mixture of clay, silt, sand, and
gravel. Outwash, which was deposited from or by meltwater streams on top of
the ice or beyond the margin of the active glacial ice, consists primarily of
sand and gravel but may contain silt and clay and interbedded layers of sandy
or gravelly silt and clay. Beds of well-sorted sand and gravel are contained
in the outwash but generally are small and discontinuous (Howells and
Stephens, 1968). Leap (1986) subdivided the glacial outwash into three major
types of deposits-—-surface deposits, intratill deposits, and buried meltwater
channel deposits. The buried meltwater channel deposits, primarily of pro-
glacial origin, were further subdivided into three different levels--the
lowermost or basal outwash, middle outwash, and the upper buried outwash.

When the glacial ice sheet of Wisconsin age melted back into North
Dakota, meltwater flowing from it accumulated in a shallow depression,
glacial Lake Dakota which includes about the eastern two-thirds of Brown
County. The area is a distinct physiographic unit known as the Lake Dakota
plain. The lake deposits consist generally of silt, however, in a large area
in northeastern Brown County, the silt is overlaid by lake deposits of fine
to medium-grained sand (Leap, 1986). Koch and Bradford (1976) classified the
lake deposits as very fine to fine-grained sand.



Figure 2.--Site-numbering system. The well number consists of township
followed by "N," range followed by "W," and section number, followed by
a maximum of four uppercase letters that indicate, respectively, the
160-, 40-, 10-, and 2%-acre tract in which the well is located. These
letters are assigned in a counterclockwise direction beginning with "A"
in the northeast quarter. Thus, well 126N62W15DAAA is the well recorded
in the NE)% of the NE)% of the NE% of the SE)% of section 15 in township
126 north and range 62 west of the 5th meridian and baseline system.
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The drift may be covered by deposits of alluvium along streams and
rivers and locally, the drift may be covered by windblown sand and silt,
especially on the Lake Dakota plain. The alluvium, which consists of poorly
sorted, poorly stratified, thin, discontinuous layers of material, ranges in
gsize from clay to boulders, but usually has a large silt content and does not
contain significant sand and gravel.

The bedrock directly underlying the drift in the study area, in
descending order, consists of the Upper Cretaceous Pierre Shale, Niobrara
Formation, and Carlile Shale (fig. 3). The Pierre Shale is predominantly a
dark-gray, fissile, bentonitic clay-shale. The Pierre Shale has a maximum
thickness of 320 ft in Brown County and is exposed along stream channels in
the western part of the county. The Pierre Shale is believed to be conform-
able with the underlying Niobrara Formation (Leap, 1986). The Niobrara
Formation is predominantly a light- to dark-gray speckled marl or calcareous
clay with some "chalk" and shaly beds. The marl contains shells of
foraminifera that impart the distinctive, white-speckled appearance. The
Niobrara is not exposed on the surface but is found in subcrops beneath the
drift where the Pierre Shale is absent. According to Hedges and others
(1983), the Carlile Shale directly underlies the drift in a narrow band
trending roughly north-south through the study area. This band of Carlile
Shale is located in the preglacial Grand-Moreau-Cheyenne River channel (Leap,
1986). The Carlile consists mostly of light-gray to black shale containing
gilty and sandy zones. The maximum thickness of the Carlile Shale in Brown
County is 275 ft.

Hydrologic Setting

Ground water is a major source of water for irrigation, municipal, farm,
and domestic use in the James River basin. 1In the unconsolidated surficial
deposits, only the more sandy and gravelly glacial-outwash deposits yield
substantial quantities of water to wells. The remaining unconsolidated
surficial deposits generally are either too clayey and silty or are too thin
to serve as major sources of water except in very localized situations.

The natural recharge, movement, and discharge of water in the outwash
aquifers are controlled by the lithology and stratigraphy of the surficial
deposits and the underlying bedrock units. The till and the layers of silt
and clay within the outwash deposits may confine the outwash aquifers. In
the study area, the till, the Pierre Shale, Niobrara Formation, and Carlile
Shale generally yield little or no water to wells and are considered to be
confining beds.

The units that comprise the complex hydrologic system in the glacial
outwash have been subdivided into three aquifers in Brown County by Koch and
Bradford (1976). They are the Elm, Middle James, and Deep James aquifers.
The Elm, Middle James, and Deep James aquifers equate to Leap’s (1986) three
levels of buried meltwater channel deposits: the uppermost buried outwash,
the middle outwash, and the lowermost or basal outwash, respectively. The
topographic and stratigraphic relations of these aquifers are shown in the
geohydrologic section in figure 4. Koch and Bradford (1976) defined the Elm,
Middle James, and Deep James aquifers based on altitude. The maximum
altitude of the top of the Elm aquifer is 1,400 ft and the minimum altitude
of the bottom is 1,225 ft. The maximum altitude of the top of the Middle
James aquifer is 1,250 ft and the minimum altitude of the bottom is 1,150 ft.
The maximum altitude of the top of the Deep James aquifer is 1,175 ft and the
minimum altitude of the bottom is 950 ft.
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The three glacial-outwash aquifers generally are separated from each
other by till, as shown in figure 4, and may be internally separated by till
and thin clay and silt outwash layers. The till and thin clay and silt
outwash layers allow some flow to occur between and within the aquifers.

Sandy Lake Deposits

The Lake Dakota plain covers much of the study area. Glacial meltwaters
deposited an average of about 75 ft of fine sand, silt, and clay on the bed
of ancient Lake Dakota. Figure 5 shows the average thickness and extent of
the sandy lake deposits. Wells completed in the sandy lake deposits may
yield 1 to 5 gal/min, but well failure is common because of clogging of the
well screens by fine-grained sediments. These sediments commonly pass
through the well screen and enter the water system, not only clogging the
well but abrading and seriously damaging pumps and other equipment (Koch and
Bradford, 1976). Because of the low yield potential of the sandy lake
deposits compared to the glacial outwash, the lake deposits are considered a
minor aquifer in the study area; however, they commonly provide recharge to
and accept discharge from the Elm and Middle James aquifers, as well as
provide for interaquifer flow.

Elm Aquifer

The Elm aquifer is the uppermost and largest sand-and-gravel outwash
aquifer in the glacial-aquifer system (figs. 4 and 6) in the study area.
Because of the availability of additional well logs, reinterpretation of
existing logs, and the averaging of the aquifer thicknesses, the boundaries
shown in figure 6 may differ from those of Koch and Bradford (1976). The
aquifer underlies about 351 mi? of the study area. The thickness ranges from
zero at the boundaries to 113 ft in 127N62W18A and averages about 32 ft. The
aquifer slopes to the east at about the same gradient as the topographic
surface, about 15 ft/mi.

The water in the aquifer is under water-table (unconfined) conditions in
some places and under artesian (confined) conditions where the confining bed
overlying the aquifer is sufficiently thick. Emmons (1988), in developing a
ground-water flow model of the glacial-aquifer system in the Sanborn-Beadle
County area (fig. 1), estimated that a confining-bed thickness of 10 ft or
greater overlying the aquifer probably is sufficient to confine the aquifer,
causing artesian conditions. Even in areas where the aquifer is under water-
table conditions, silt and clay layers within the aquifer may confine its
lower parts. The thickness of the confining bed overlying the Elm aquifer or
sandy lake deposits is shown in figure 7. The thickness of confining bed
overlying the uppermost aquifer averages about 20 ft.

Recharge to the Elm aquifer is by infiltration of precipitation and
snowmelt, and possibly by leakage from the Elm River and Foot Creek during
periods of high flow directly into the aquifer or by percolation through the
overlying lake sediments and till. Recharge occurs more rapidly in level
areas where the aquifer is at or near land surface or where more permeable
sandy lake deposits overlie the aquifer. Recharge occurs more slowly where
the aquifer is overlaid by less permeable clayey or silty lake deposits or
till.

Hydrographs of water levels from two observation wells completed in the
Elm aquifer are shown in figure 8. Examination of the hydrographs indicates
that no long-term water-level declines have occurred in the aquifer, although
seasonal and year-to-year changes have occurred because of variations in
available recharge. Koch and Bradford (1976) determined that the water level
in the Elm aquifer varied in direct response to snowmelt, rainfall, or

9
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Figure 8.--Water-level hydrographs for selected
wells completed in the Elm aquifer.
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drought with only a short time lag. They also compared long-term water-level
data and cumulative departure of precipitation from normal which showed that
even though precipitation was more than 25 inches less than normal from 1950
to 1972, water levels in the Elm aquifer remained about the same.

Natural discharge occurs as evapotranspiration, eastward flow into the
sandy lake deposits underlying the Lake Dakota plain, recharge into the
Middle James aquifer, and minor seepage into the Elm River and Foot Creek
during periods of low flow. The Elm aquifer does not appear to be in
hydraulic connection with the James River. According to Koch and Bradford
(1976), the general direction of water movement in the aquifer is to the
southeast at a gradient of about 10 ft/mi. Discharge from the aquifer also
occurs by pumpage from wells and as seepage into gravel pits that penetrate
the aquifer. Most of the wells completed in the Elm aquifer are small-yield
domestic, stock, and farm wells. 1In addition, currently (1986) about
120 ft3/s of irrigation and municipal pumpage is permitted from the glacial-~
aquifer system from about 55 permits in the study area according to unpub-
lished data provided by the South Dakota Department of Water and Natural
Resources. The 55 locations are either single wells, multiple wells on a
single permit, or gravel pits. These wells may yield water from the Elm
aquifer, the Middle James aquifer, the Deep James aquifer, or any combina-
tion. According to Koch and Bradford (1976), wells can be constructed to
yield 500 gal/min or more where at least 40 ft of medium-grained sand is
present. For coarser material, a lesser thickness is needed.

Middle James Aquifer

The Middle James aquifer stratigraphically underlies the Elm aquifer and
covers about 500 mi? of the study area (fig. 9). The boundaries shown in
figure 9 may differ from those of Koch and Bradford (1976) due to the avail-
ability of additional well logs, reinterpretation of existing logs, and the
averaging of aquifer thicknesses. The thickness ranges from zero at the
boundaries to 111 ft in 123N64W21C and 127N63W21D and averages about 17 ft.
The aquifer is lenticular and contains many clay and silt layers.

Water in the Middle James aquifer generally is under artesian conditions
except where the overlying confining bed is less than about 10 ft thick.
Even in areas where the upper part of the aquifer is under water-table condi-
tions, the intervening clay and silt layers commonly confine the lower parts
of the aquifer.

Recharge to the Middle James aquifer is from the Elm aquifer and from
percolation of snowmelt and precipitation through the overlying lake deposits
and till. Probably the largest source of recharge water is from the over-
lying Elm aquifer where it is in contact with the Middle James aquifer (Koch
and Bradford, 1976).

Examination of hydrographs of the water levels measured in two observa-
tion wells completed in the Middle James aquifer (fig. 10) indicates no long-
term water-level declines have developed. Seasonal and annual fluctuations
occur because of variations in recharge, evapotranspiration, and ground-water
withdrawal due to pumping. Koch and Bradford (1976) determined that water
levels in the Middle James aquifer have remained about the same from 1950 to
1972 even though precipitation totaled 25 inches less than normal for that
period.
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Figure 10.--Water-level hydrographs for aei;cted
wells completed in the Middle James aquifer.

20

-~



Natural discharge from the aquifer occurs as percolation into the Deep
James aquifer, which underlies parts of the Middle James, and as eastward
flow into the lake deposits and till. The Middle James aquifer does not
appear to be in hydraulic connection with the James River. Apparent gains to
and losses from the James River in the study area are the result of bank
storage, evapotranspiration, and flooding (Koch, 1970). According to Koch
and Bradford (1976), the general direction of water movement in the aquifer
is to the east. Discharge from the aquifer also occurs by pumpage from
wells. Like the Elm aquifer, most of the wells that penetrate the Middle
James are small-yield domestic, farm, and stock wells.

Deep James Aquifer

The artesian Deep James aquifer, which underlies the Elm and Middle
James aquifers (figs. 4 and 11), is a buried interconnected system of ancient
river channels containing outwash and alluvium. The boundaries shown in
figure 11 differ from those of Koch and Bradford (1976) due to the avail-
ability of additional well logs, reinterpretation of existing logs, and the
averaging of the aquifer thicknesses. The aquifer underlies about 52 mi? of
the study area. The thickness ranges from zero at the boundaries to 132 ft
in 125N62W18C and averages about 16 ft.

Recharge to the aquifer is from the overlying aquifers and to a lesser
extent by percolation through the overlying lake deposits, outwash, and till.
Recharge also may occur as underflow from Spink and Marshall Counties (Koch
and Bradford, 1976).

There are no long-term water-level data available for the Deep James
aquifer in the study area. However, Koch and Bradford (1976) reported that
"there appears to be no relationship of water-level change in the Deep James
aquifer to seasonal or long-term changes in precipitation."”

Natural discharge from the aquifer occurs as subsurface outflow into
North Dakota and locally by leakage into the overlying till (Koch and
Bradford, 1976). Discharge from the aquifer also occurs by pumpage from low-
yield domestic and farm wells. No large-capacity wells are reported to have
been completed in the Deep James aquifer although the Deep James can be
affected by pumpage from the overlying aquifers, as indicated in the hydro-
graph from observation well 121N65W34CCCC (fig. 12). According to Koch and
Bradford (1976), the general direction of ground-water movement in the
aquifer is to the north.
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Figure 12.--Water-level hydrograph for a selected
well completed in the Deep James aquifer.
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DESIGN OF THE GLACIAL-AQUIFER SYSTEM FLOW MODEL

Simplifying Assumptions

Ground-water flow within an aquifer system is governed by a complex
series of interrelated hydrologic processes. A number of simplifying
assumptions make it possible to describe these hydrologic processes and allow
the aquifer system to be represented mathematically. The simplifying
assumptions may not exactly represent the hydrologic processes, but should
include the basic assumptions and logic governing these processes.

The simplifying assumptions applied to the glacial-aquifer system are:

1.

The system consists of three aquifer layers (fig. 13). The upper
aquifer (aquifer layer 1) represents the Elm aquifer and the sandy
lake deposits. The middle aquifer (aquifer layer 2) represents the
Middle James aquifer, and the bottom aquifer (aquifer layer 3)
represents the Deep James aquifer.

The aquifer layers are overlaid by confining bed layers. The upper-
most confining layer which extends from land surface to the top of
aquifer layer 1 restricts the downward infiltration of recharge
water to the aquifer and the upward migration of water from the
aquifer. The confining beds between aquifer layers 1 and 2 and
aquifer layers 2 and 3 act to restrict the vertical flow between
these aquifers.

The bedrock is an impermeable lower boundary of the system.

All lateral boundaries of the aquifers are impermeable (no-flow
boundaries). Along the northern and eastern boundaries, internal
potentiometric heads are held constant (specified-head boundaries).

The James River, Maple River, Foot Creek, and Moccasin Creek are
hydraulically isolated from the glacial-aquifer system. The Elm
River is hydraulically connected to the Elm aquifer along a reach
from about 125N64W3B to 124N63W15B (fig. 14).

All flow in the aquifers is horizontal and in the overlying
confining beds, vertical. Storage occurs only in the aquifer. The
confining beds yield no water to wells.

The principal source of recharge to the aquifer system is precipi-
tation. The uppermost active aquifer is recharged directly by
infiltration of precipitation, however, the thickness of the
confining bed overlying the aquifer controls the rate at which the
recharge can occur. The greater the confining bed thickness, the
less the recharge rate. Recharge to the lower aquifers occurs as
infiltration through the overlying deposits. Recharge can also
occur at river-head and specified-head boundaries.

The primary method of discharge from the aquifer system is evapo-
transpiration. Upward leakage of water from the uppermost active
aquifer to the zone where evapotranspiration can occur is controlled
by the thickness of the overlying confining bed. The greater the
thickness of the confining bed, the less the rate at which evapo-
transpiration can occur. Discharge from the aquifer system also can
occur as pumpage and at river-head and specified-head boundaries.
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The Digital Model

A mathematical model of an aquifer system is the application of mathe-
matical equations describing ground-water flow and certain simplifying
assumptions about the flow system. A digital-computer model or simply a
digital model is a mathematical model that uses a digital computer to obtain
approximate solutions to the partial-differential equations of ground-water
flow. The digital model used in this study is the U.S. Geological Survey
modular three-dimensional finite-difference ground-water flow model of
McDonald and Harbaugh (1984).

The model uses finite-difference methods to obtain approximate solutions
to partial-differential equations of ground-water flow. The simulated area
was subdivided into a series of finite-difference grid blocks in which the
aquifer properties are assumed to be constant (fig. 14). The continuous
derivatives of the partial-differential equation of ground-water flow are
replaced by the finite-difference approximations at the center (node) of each
of the grid blocks. The result is a series of finite-difference equations
that were solved with the slice-successive overrelaxation (SSOR) numerical
technique.

Model Data
A ground-water flow model is constructed by entering a value for the
hydrologic properties that define the system at each finite-difference node.
The value assigned to the node is considered to be representative of the
entire grid block. The following is a list of properties used in the model
of the glacial-aquifer system:
1. Dimensions of the finite-difference grid.
2. Altitude of the top and bottom of the aquifers.
3. Hydraulic conductivity of the aquifers.
4. Leakance of the confining beds.
5. Storage in the aquifers.
6. Recharge to the aquifers.
7. Evapotranspiration from the aquifers.
8. Altitude of land surface.
9. Pumpage from the aquifers.
10. Hydraulic connection between the rivers and aquifers.
Dimensions of the Finite-Difference Grid
A finite-difference grid is required so the geohydrologic data can be
put in a form to be entered and manipulated by the digital model. The
equally spaced finite-difference grid selected to represent the model area
has 86 rows and 70 columns. The grid blocks are one-half mile or 2,640 ft on
a side. Each grid block, shown in figure 14, represents one-quarter of a
640-acre section. The model grid was extended beyond the study area, 4 mi to

the north and 3 mi to the east and south to minimize boundary effects in the
study area.
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Altitude of the Top and Bottom of the Aquifers

Koch and Bradford (1976) defined the Elm, Middle James, and Deep James
aquifers based on altitude. The maximum altitude of the top of the Elm
aquifer was defined as 1,400 ft and the minimum altitude of the bottom was
1,225 ft. The maximum altitude of the top of the Middle James aquifer was
1,250 ft and the minimum altitude of the bottom was 1,150 ft. The maximum
altitude of the top of the Deep James aquifer was 1,175 ft, and the minimum
altitude of the bottom was 950 ft.

The method used to define the tops and bottoms of the aquifers for the
model is a modification of the method used by Koch and Bradford (1976).
Aquifer layer 1 is the Elm aquifer and the sandy lake deposits. The altitude
of the top of aquifer layer 1 is the top of the first sand or gravel layer
encountered below the overlying till or other fine-grained sediment. Where
the overlying confining bed is not present, the altitude of the aquifer top
is land surface.

The bottom of aquifer layer 1 is the bottom of the lowermost sand or
gravel layer above 1,250 ft above sea level. If no confining bed exists
between aquifer layers 1 and 2, the bottom of aguifer layer 1 is 1,250 ft
above sea level.

Aquifer layer 2 is the Middle James aquifer. The top of aquifer layer 2
is the first occurrence of a sand or gravel layer below the altitude of
1,250 ft. If no confining bed exists between aquifer layers 1 and 2, the top
of aquifer layer 2 is 1,250 ft above sea level.

The bottom of aquifer layer 2 is the bottom of the lowermost sand or
gravel layer above 1,150 ft above sea level or if no confining bed exists
between aquifer layers 2 and 3, the bottom of aquifer layer 2 is 1,150 ft
above sea level.

Aquifer layer 3 is the Deep James aquifer. The top of agquifer layer 3
is the first occurrence of a sand or gravel layer below the altitude of
1,150 ft. If no confining bed exists between aquifer layers 2 and 3, the top
of aquifer layer 3 is 1,150 ft above sea level. The bottom of aquifer
layer 3 is the lowermost sand or gravel layer below 1,150 ft above sea level.
Since aquifer layer 3 was simulated as a confined aquifer, no top or bottom
arrays were required.

Hydraulic Conductivity of the Aquifers

The hydraulic conductivity or the ability of the aquifer to transmit
water varies greatly over very short distances due to the variability of the
glacial deposits. All of the test-hole and drillers’ logs were examined and
an average composite log for each grid block was developed. Using the
average composite logs for each grid block and the hydraulic conductivity
values shown in table 1, an average composite aquifer hydraulic conductivity
was calculated for each grid block for each aquifer layer as shown in
figures 15-17. The assignment of the average composite hydraulic conduc-
tivity for each grid block is based on the assumption that aquifer materials
are uniformly variable and the test-hole and drillers’ logs adequately depict
the range of the types and thicknesses of aquifer materials in each grid
block.
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No aquifer-test data are known to be available for the Elm, Middle
James, or Deep James aquifers in or around the area of study. The hydraulic
conductivity calculated from aquifer-test data from the Sanborn-Beadle County
area (fig. 1) ranges from 20 to 1,430 ft/d with an average of about 300 ft/d
(Emmons, 1988). Because the composition of the glacial drift in Brown,
Sanborn, and Beadle Counties are similar, it is assumed that the aquifer
characteristics also are similar.

Examination of table 1 indicates that the hydraulic conductivity of the
aquifer system generally is much smaller than assigned by Koch (1980) to the
alluvium-mantled outwash deposits of the Big Sioux aquifer, located east of
the James River basin in South Dakota. The hydraulic conductivities of the
outwash deposits in the glacial-aquifer system in the James River basin are
smaller because they contain a higher percentage of silt and clay.

The average composite hydraulic conductivity at each node ranges from
10 to 350 ft/d with an average of 245 ft/d in aquifer layer 1. 1In aquifer
layer 2, the average composite hydraulic conductivity ranged from 59 to
350 ft/d with an average of 288 ft/d, and in aquifer layer 3 the hydraulic
conductivity ranged from 116 to 350 ft/d with an average of 305 ft/d. Since
aquifer layer 3 was simulated as a confined aquifer, transmissivity rather
than hydraulic conductivity is required in the model. The transmissivity of
a confined aquifer is equal to the hydraulic conductivity of the aquifer
(fig. 17) multiplied by the thickness of the aquifer (fig. 11). These
average nodal composite hydraulic conductivities generally are smaller than
the hydraulic conductivities calculated from aquifer tests in Sanborn and
Beadle Counties. This is expected because the aquifer tests are site
specific and are generally conducted in areas where the aquifer has greater
hydraulic conductivity and thickness. As a result of the averaging process
for the hydraulic conductivities the ground-water flow model will approximate
the glacial-aquifer system on a county scale, but may differ locally.

Leakance of the Confining Beds

The leakance or leakage coefficient is the volumetric rate at which
water will flow vertically from one aquifer to another through an intervening
confining bed per unit area per foot of head loss between the aquifers.

The leakance arrays are calculated as the vertical hydraulic conduc-
tivity divided by the thickness of each confining bed at each node. There
are no data available for the vertical hydraulic conductivities of the
confining beds in the study area. 1In northeastern Illinois, the vertical
hydraulic conductivity of the drift calculated from seven aquifer tests
ranged from 0.01 to 0.08 ft/d (Walton, 1960). The vertical hydraulic
conductivity of the till calculated from an aquifer test which included six
well clusters completed in the till in northwestern Beadle County (fig. 1)
ranged from 0.000025 to 0.10 ft/d (James M. Montgomery, Consulting Engineers,
Inc., 1986).

The vertical hydraulic conductivity of the confining beds overlying
aquifer layers 2 and 3 were calculated as 0.1 times their horizontal
hydraulic conductivity from table 1. The vertical hydraulic conductivity of
confining bed layer 2 ranged from 1.0 to 35 ft/d with an average of 1.5 ft/d.
For confining bed layer 3, the vertical hydraulic conductivity ranged from
1.0 to 10.0 ft/d with an average of 1.1 ft/d. Although these vertical
hydraulic conductivities are larger than those from Illinois or Beadle
County, they were found to give acceptable model results.
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Storage in the Aquifers

With one exception, storage coefficients calculated from aquifer tests
in Sanborn and Beadle Counties range from 0.00039 to 0.000017, indicating
artesian conditions exist at these locations in the glacial~aquifer system.
The exception, a storage value of 0.04, most likely indicates a transition
between confined and unconfined conditions. Specific yield values as large
as 0.28 were calculated from aquifer tests in the glacial-aquifer system in
Hand County (fig. 1).

A storage coefficient of 0.0003 was used in the ground-water flow model
to represent aquifer layers 1, 2, and 3 in the grid blocks where the average
potentiometric head was higher than the average altitude of the top of the
aquifer (artesian conditions). A specific yield of 0.20 was assigned to
represent aquifer layers 1 and 2 when the average potentiometric head in the
grid block was lower than the average altitude of the top of the aquifer for
the same grid block (water-table conditions).

Recharge to the Aquifers

The principal source of recharge to the aquifer system is precipitation.
The average annual precipitation is about 18 inches in the model area. The
areal distribution of recharge to the aquifer was based on analyses of
precipitation data and on the thickness of the confining bed overlying the
uppermost aquifer (fig. 7). The thickness of this confining bed contrels the
rate at which the underlying aquifer can be recharged. Recharge occurs
rapidly where there are permeable sediments overlying the uppermost aquifer.
When the clay and silt are sufficiently thick (generally greater than 50 ft),
there probably is little or no recharge by infiltration.

Hedges and others (1983) calculated recharge rates to the Elm aquifer by
flow-net analysis. Recharge ranged from 0.06 in/yr in northern Brown County
to 0.42 in/yr in southern Brown County. The recharge rates estimated from
computer-model analyses of the glacial-aquifer system in the Sanborn-Beadle
County area ranged from O to 7.0 in/yr with an average of 0.97 in/yr (Emmons,
1988). The glacial-aquifer system in the Sanborn-Beadle County area is
gsimilar in character to the system in Brown County.

The areal distribution of recharge to the aquifer was tested and refined
as part of the steady-state simulation process. It was determined that the
maximum average recharge to the aquifer was 7.0 in/yr and occurred only where
aquifer material was at land surface. When the average confining bed thick-
ness was greater than zero, the rate of recharge to the underlying aquifer
decreased linearly to 0.0 in/yr at 50 ft below average land surface. No
recharge occurs when the average confining bed thickness exceeds 50 ft.
Figure 18 shows the percentage of available recharge that reaches the
agquifer. Because an empirical relation was developed between recharge and
thickness of the confining bed overlying the aquifer, values should not be
considered absolute. The values are hydrologically reasonable and provide
the best overall model results.

Using the percentage of potential recharge which can reach the uppermost
aquifer and potential steady-state recharge of 7.0 inches, the areally dis-
tributed, average steady-state recharge to the aquifer system is 4.3 in/yr.
This is in poor agreement with Hedges and others (1983), calculated recharge
rates of 0.06 in/yr for northern Brown County and 0.42 in/yr for southern
Brown County. The reason for the poor agreement is the result of including
the sandy lake deposits as part of aquifer layer 1. The confining bed
overlying the lake deposits tends to be thinner than those overlying the Elm
aquifer, thereby skewing the average steady-state recharge.
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Monthly potential recharge to the aquifers (table 2) was estimated using
the monthly average precipitation data (U.S. Department of Commerce,
published annually) and hydrograph analysis. Examination of the hydrographs
of wells completed in the Elm and Middle James aquifers indicates that most
of the recharge to the aquifers occurs in the spring months (figs. 8 and 10).
The multiplication factors to convert average monthly precipitation data to
monthly potential recharge was adjusted as part of the transient model
calibration process to obtain the best fit between the observed and
calculated potentiometric heads in the three aquifers.

Evapotranspiration from the Aquifers

The areal distribution of evapotranspiration from the aquifer is
controlled by the potential evapotranspiration, the thickness of the
confining bed overlying the aquifer, and the depth of the water below land
surface. The potential evapotranspiration in the study area is estimated to
be 77 percent of the pan evaporation (Farnsworth and others, 1982). The
average class A pan evaporation at Aberdeen for 1946-55 is about 46 in/yr
(Spuhler and others, 1971). The calculated average potential evapotranspira-
tion in the study area is about 35.4 in/yr.

The areal distribution of the potential evapotranspiration from the
aquifers was tested and refined as part of the steady-state simulation
process. The potential evapotranspiration rate can occur only where no
confining bed is present above the uppermost aquifer. Even though the
potentiometric head in the aquifers may be close to land surface, it is
assumed that the confining beds overlying the aquifers will restrict upward
movement of water and reduce the potential evapotranspiration rate. When the
average confining bed thickness is between zero and 50 ft, the potential
evapotranspiration rate decreases linearly from 35.4 to 0.0 in/yr. The
potential evapotranspiration is 0.0 in/yr for confining bed thicknesses
greater than 50 ft. Figure 19 shows the percentage of the potential
evapotranspiration available from the uppermost aquifer. The uppermost
aquifer layer is generally aquifer layer 1, however, when not present, the
percentage of the potential evapotranspiration is calculated for the next
deeper aquifer layer.

The evapotranspiration from the aquifers is controlled also by the depth
of the potentiometric surface for the uppermost aquifer below land surface.
When the potentiometric head is at or greater than 9.0 ft below land surface,
evapotranspiration is no longer simulated.

Monthly evapotranspiration was estimated for 1983-85 using U.S. Depart-
ment of Commerce data (1983-85) and the relationship between pan evaporation
and evapotranspiration described by Farnsworth and others (1982). No pan
evaporation is available in the study area for 1983-85. Based on pan
evaporation data at Redfield, South Dakota, about 40 mi south of Aberdeen and
at Pickstown, 220 mi south of Aberdeen, evaporation was estimated and
evapotranspiration was calculated for the study area (table 3). The
calculated maximum potential evapotranspiration rate was 38.45 inches in
1983, 34.69 inches in 1984, and 32.14 inches in 1985. The minimum potential
evapotranspiration was 0.0 inch in the winter months when the ground is
frozen.

Because an empirical relation was developed between potential evapo-
transpiration rate from the aquifer, thickness of the confining bed overlying
the aquifer and depth of the potentiometric head below land surface, does not
mean these values should be considered absolute, but only that they are
reasonable and provide the best overall model results.

41



‘103083 uoyjedTTdyyTnw @8reysex syl Aq uorzeitdroead ATyjuow aBexsae syjz FurATdy3ynw Lq pejzeTnoTed

'Gg-£86T ‘®oxsumuo) Jo juewzaedeq °Sg°M 8yl Woay uuuom
‘weysAs Iejinbe.TeyorT® ayy eBreyoex ATTeriusjod pTnoo yotym uoiqeljdioead sPereae JO UOT3IORII TRWTOSP WNWTIXEW m:aw
1Z°¢ 0281 8E° L $6°12 12°¢ T€°12 00°¢ 6781 -- Teaol
00- Sy’ 00’ 66" 0o’ 8y 00’ 0¢”’ 00" Iequedsq
00° 961 00" 90 00"’ g’ 00’ 29" 00" I8quBAON
8z’ 0L L2531 e'€E [ L£°'1 4 80°'1 oy 1890390
0§” 06°2 LT wg’ L 0Z°'1 6¢” GS'1T Y4 aequeidag
(A0 SL°2 T wZ'T €T" 09°2 0T’ 00°'¢ S0’ 3sna3ny
AN "e'Z otT’ 01°2 62" 8L’ et we'eZ G0’ ATnp
8¢’ "6°1 8L°T LY 0T'T 89°¢ GE'T 8E"E o’ sunp
1¢°¢2 85°€ 18" 81°'1 9T'T 99°7 80°2 09°'2 08" Key
64" LI 6E°C 98°'¢ 19° 89° G8°T 80°¢ 06" Trady
6§ ” 89’1 89" TL°T €T'T 28°¢ 69° 66° 0L Yyoaen
00" 80° 00’ €8’ 00" at’ 00" 09° 00" Laeniqeg
00°0 0e’0 00°0 8y’ 0 00°0 %Z'0 00’0 6%°0 00°0 L1enuep
(seyour) (sayoury) (seyout) (seyout) (seyout) (seyoury) (seyout) (seyoury)
we3sks eTqUMITO) pue we3SAs e IqUNTO) pue weqsis eIqUNTO) pue weqsLs viqunio) pue I0908€3 YJuop
mwuﬁ:vm Nnoouumﬁ 103 mmuﬁ.&u Ncwwvum.ﬂa 103 mwuﬁ&u Nﬁmouumo?. I03 mouﬁ&u Ncomvuwo?. 103 :Smuoﬂ&ﬁ.ﬂss
~TetoeT? uotqeqtdrosad -TetoeT® uotqeqtdyosad -Tetoe1?® uorqeqidioead -Tetoe? uotqeqrdroead 8fIeyoey
8y3 03 a8eIaAy 8yl 03 e3eIaAY ay3 03 EY1-F CYNY ayy o3 a¥ereAy
ed1eyooa e31eYyo8I s¥1eyoex e¥1eyoea
UMWEXeR WnWXep umw yxXeR UnWEXeR
G861 861 €861 TewIoN

42



‘uotjeaodess ATyjuow Syl SBWTI LL°0 ST pajeInoled,

G98-€861
‘soxsumo) 3o 3uswixedsg *s°n {e30eQ Y3INOS ‘UMOIBHOTd PuB PTSTIPSHY 107 eiep uorjexodess ued Hursn pesjewrisd,

1 AREA €E by 69°vE S0°SY sy*8€ €6° 6% Te30L
—_— —_— - - - - Jaquasaqg
- —_ - - - - IS3qWaAON
00°¢ 092 Le*e s6°¢C T€°¢C 00°€ 19qo320
S6°C €8°€ SE°E SE° Y 99°% S0°9 asquajdag
L9V 90°9 S2°9 Zi°8 oc-L SE°6 3snbny
€0°L €1°6 vv°9 9€°8 66°9 80°6 Atnp
89°S 8€°L I8°S ¥S°L ¥0°Ss ¥s°9 aunp
12°9 90°8 96°S ¢t L 206 CL°TT Ken
09°S Lz L T0°S 1s°9 €C°€ 6TV Ttady
- — - — - - yoaew
—_— —_— . —_ - - Kaenaqad
- - - - - - Kaenuep

(sayour) (sayour) (sayouT) (sayouTr) (sayourt) (sayout)

ZuoT3eaTdsueay (uorjeaodeass zuotT3eatrdsueasy (uot3eaodeas suotrieardsueasy (uorzexodeas Y3UON

-odeas ued -odeas ued -odeas ued

TeT3uajod TeT3ua3od Tet3uajod

S86T ¥86T £€86T

{pe3eTnoTed 30U 10 ®3Ep OU ‘--]}

uoT3eaTdsuRIjodeAd® TeETIUS]30d PIJRWTISD pue uoT3IeaodeAs ued ATYJuowWw pPajRWTISH--°*€ STAqeEL

43



‘NogiL

‘NZi2I'L

‘Ng2l'L

49 v (9 09 95 (9 €9 1z 001 68 68 007 001 00T 001 00T 001 00T OOV OOV 00T 68 69 v9 |9z €8 00U €6 001 00 €6 O o o o SZ|se 00 (9 (9 IL @y 09 WL YL W W e vv
T8 (9 08 (9 95 UL %8 €6 001 001 007 007 00T 00T 00T 00T 001 00T OOV OOI 968 08 98 9|68 €6 €6 65 €8 69 68 O 0 0 o o ¥e 8L 9¢ 9L 9L 9% (9 9 €L €L €& €L] €t nv
86 69 28 @S 9¢ 8¢ €8 00U 0OT 00T 00T 00Y 0OT 00T 00T 00T 00T 00T 00T 0Ol 001 86 68 +8 |68 68 @8 88 @£ 95 O 0 o o o 0 89 v9 08 9L 9L (9 €L 09 9L 9 9 9Lf U Nv
88 €6 €9 (9 9y 02 €6 0OCT 0OT 0Ol €8 0OY 0OT 00T 0O OOT 00T 00T OOT OO 001 00T 86 €6 |62 68 60 €8 88 ©L O 0 0 o o ] 0 9L 8¢ 09 2@ ©L 20 w@ 9L 9 9L QL) 9¢ _v
€6 C6 C8 %3 9¢ 98 00y 007 00T €8 9¢ GOW 00V 60T 0O1 00T 00Y 0OT GOT 0CY Q0T 001 007 00Y OO 001 001 0Ol €5 €8 O© o o o 0 m ° (9 (9 08 98 89 €9 19 91 ®L 91 L) 8L Ov
86 86 96 €6 18 001 68 00T 00 €8 00T 00T 00T 00V 0Ol 00U 00T 00T 00T 00T 00T 00T 007 00Y 0Ot OOl 0O1 OOf 62 68 O 0 o o o o o 8 (8 9, €9 96 €9 €9 8. Oz 9/ 9| 6L mn
001 00T 68 B2 1/ @ (9 68 001 0OT 00T OO QOU 00T 0Ol €8 0O 00T 00T 00T 00T 00T 00T 00f 00T 0OT 00T 68 68 O 0 0 0 o o o o ¥y ¥y (9 68 98 €8 (9 95 (9 (9 (9| 8¢ mn
001 00T 69 08 9 9/ 8/ 69 €6 001 8/ 007 001 00t 00T 0Ot OOT 00T ©8 00T 00t 00T 001 00Q 00T COY 62 69 69 O L] Q [] Q 0 o o ¥y ¥y 9¢ (9 B8 (9 £C €€ v 9% (9| 9 Nn
001 0OT €6 %8 . 62 68 96 000 001 69 007 00T 00T 00T 00T 00T 88 T8 €6 ©6 96 ©6 @6 | 0OL €8 €6 €6 68 O o o o o L] o o €€ €€ 0% SC §9 €€ S Tt 22 we (9] €L Om
Y@ €8 €8 86 001 96 ©8 €8 0CI Q0T 00T 00Q 00T 00U 00I 00T 00T 98 €6 98 906 96 €6 96| 96 €6 €6 €8 O o 0 €2 §Z sz 0 o o 2Z 22 0% $9 SC EE EE 2TZ EE vy (9] T¢ 8L mn
68 68 €6 001 001 001 88 €6 168 €% oaD 00T 00T 001 OOl 001 98 96 ©6 OO0 0OI 89 96|96 62 62 68 O o o €2 §T ST o ° o T2 TT SE SY S5 €€ €€ €€ 9y 4y (9| 89 B¢ Qn
00T 00T 00T 00T 00T 00T 98 €9 €8 62 ©6 86 ] 001 COT QUT 001 88 @8 COL OCY 001 68 (9 9B ) OOl 68 €6 €6 O o o €C sz sz 0 o [ L] TU €€ €€ wy wy ¥y ¥y %y &y 9C| (9 @7 nn
_non 88 60 68 68 6/ €2 86 9L | 00T 00T 00l 98 €8 €6 00T 00V OOT 00t %8 0OY 0O 0O QOT O (] o o o o o o 0 [ o 22 €€ EE vv 4wy vy 95 9C 9 (9| (9 8L Nn
001 001 00T 001 68 68 68 68 68 D 00t ¢9| e, 68 68 6 (9 8/ 68 001 001 00T I8 86| 00T 88 68 O 0 o 0 o 0 0 o o o IT EE €€ EC %% %% 9C (9 (9 9 (9] (9 oL _n
00T 00T 00T 00T 00T €8 00T O 0 o L9 w% | 9C 9. 88 (9 68 (9 68 00T 001 0Ol v8 €8 |62 68 B¢ O o o 0 0 0 0 0 0 o o TU 22 2 ey (9 WL 9L 8L 9 (9| 49 8L on
00T 68 8L 95 @L 868 a B8 (9| vy @/ @6 001 O 9¢ @@L 001 001 QOT 88 6% |62 68 68 (1 O o o o o o [ 0 0 o 0 o IT Y %8 ¥8 %8 &£ (9 95| ¢9 ®¢L ON
o 0 —I _e o o Y% 001 00T 001 00T OOT 00 8¢ 88 68 O 0 o €E (9 22 2z 11 0 o 0 L] o 0 e "8 ¥8 ¥8 8L 8¢ (9] 8L @ WN
[ o o o 0 ] 0 Q 0 8¢ 9 8 001 001 001 0O 00( 68 €8 O [ IT 22 ¥y (9 €€ T O o o 0 o o o Yy 8L 8L 8L oL vye 08| ve €8 &-N
0 o o o 0 001 00T 00T 0CT B8 B8 €8 0Ol 001 00T 0CY 8@ | 68 O o o T1 22 EE vy O o e ] 0 o o 0 o Y {9 (9 (9 9 8 08| w8 868 WN
° e o o 0 ] 00T 00T 001 I8 @8 00T 00T 00T €6 68 69| 0 o o eZ 11 TT T ZT O o o o o o o Q o ¥ 9C 9¢ (9 (9 28 09| v8 68 nN
00T 00T 0Ol 001 00T 001 O o c o o 0 o 00T 00l €8 £8 00T 00T 00T 001 €8 €2 O o o ° 2T T 2 1t 11 o o 0 0 0 o [ '} o €€ Yy ¥y 9C /9 2@ 08| v8 68 VN
00T 00T 001 00T 001 001 0O 0 0 o 0 o 0 o 001 68 €6 00T 0CT Q0T OO 00T 6% O o L] o 22 zTT 2 It o 0 L] o o o 0 ] 0 o €€ €€ vy 9 (9 08 08} Y8 68 — nN
00T 00T ©OT 00T 00T 001 O o 0 o o 0 0 0 Dao 00T 00T €8 00T 00F 68 69 O o o ¢ 0 o o 1 o o o o 0 2 1] 0 o o EE £€ ¥y 9C /9 0R 08| ¥8 B8 NN
00T 00T 001 00T 001 O o o o o o [ 0 €2 00T 00l 88 00T €6 0Ol OCl €2 €8 O o o L] o o o moo ] o ¢ o o o o o o 22 2T EC VY 8C 9L @] w8 €8 _N
00T 00T 001 007 00T Q0T 00T 001 O 0 o o ] €Z 00T 00T 00T 86 00T 0Ol 0OT 0OT 88 O o o ° o o A< o o o vl o o 0 o 0 0 1 ZZ €€ v (9 @] v8 8% QN
00T 00T Q0T 0OT 00Y 00T 001 O o o 0 ] 0 €2 82 €6 00T 0CL 86 96 001 68 68 O 0 e o e 2z T W 0 ¢ L] L] ] o L] o o 11 22 €€ %y 9SS [9 (9 (9] € &L m_
601 001 00T 00T 00T 00I 00T 00T O o a o ] 0 ¥y €6 96 007 €6 €6 00l B® 88 O o o ] ¥ ¥y €€ T1 O o o ° ¢ o 0 L] 0 T 22 %y 9S [9 (9 9S yv| (9 9/ w-
00T 00T 00T 0O 001 001 0CI 00T O Q L] o 0 [] €Z 89 T 00T 68 68 68 0% 69 O 0 o o ¥ %y EE 11 O o 0 0 ° o o ] 1T 2T €€ 95 (9 @L 95 Yy €€| 96 €L N_
oot o 001 00T 00T 00T Q0T 06T 00T 00T 0§ 0S| 0S €Z 0Z 001 88 €8 68 €2 62 69 69 O o o o ¥y %y €€ 11 O o o o 0 o '] L] T1 €€ vy (9 @/ 89 9% €€ 22| ¥y 1L 0_
00T 001 00T 00T 60T 0Ol 0O 00T 00T Q0T 00T 0S| 05 SZ ©0Z €2 €8 68 B8 68 68 68 68 B8| O o o SE ¥y %Y 2Z O L] o o 0 o o L] 22 %y 8¢ 8L 68 98 (9 22 O w2 9 m_
00T 00T 001 00% 0CT 001 00T 88 00T 0Ol QOT 007 05 05 00T 6@ QOY 00T 68 B8 €8 68 B8 68| 0 0 o o 9c vy 2Z o ] o o 0 o o o TZ %Y (9 87 68 68 (9 2T (1| €C 89 v_
00T 00T 00T 88 001 00l 00T 00T O o o o 0 0 96 98 680 68 68 16 €8 €6 98| 0 o o 0 95 vy €€ I o o L] o o 0 2T vy 95 L9 (9 9 f9 9S ¥y 2Z| ¥y 1L n_
18 001 00T 001 00T 00l 00Y 00l © o ¢ 6Z 0Z 02 00l €8 8. 22 11 O [ o 0 0 0 o 0 9 vy €€ 2T v 2z o o 1 EE €€ 9y 8 05 Sw ST vy Zy 9OC EE} 95 €L N_
001 001 00T 00T 00T 00T 00T 0OT © 0 0 {02 0Z 001 QOT OOI OOT IT ¢ @ © O O o o o L8 (8 ¥y €€ ZZ 1T 1 ZZ 2Z|€E vv vy 96 9C Oy SZ ST 2L 62 € ¥¥| (8 €L (]

001 001 E6 00T 00T 001 QOI 00T O o [ 0z 0Z o0l 001 B§ @£ 8L O ] ] o L] o ] Q 9 (9 Y 11 0 Tt 2Z BE %% | 9¢ 9¢ 95 9¢ 95 Ov 0C OT O 2T EE 9C) 8L 9 Q _

0 0 L 001 001 001 001 00T O o 0 o 0Z 0Z oc o0l It 00t 08 O ¢ ] ] o o 0 o t9 00 69 vy O TT EE vy 8C |69 (9 (9 (9 (8 95 vy 2Z Q 1T ¥y (8} v8 9L | m

$9€929190965 8S JSISSSHSES 2SS ISOSEP BV b Qb SH Y €L 2b I O 6EBE LEOE SEVE SE 2€ 10862 824292 G2b2 €222 1202 61 81 LI 9ISl bI €1 21 1101 6 8 £ 9GS b € 2 |
86 0€.86 NWN102

0G.St

Mo

44



*yo01q pTab yoes 03 Ia3yTnbe aaT3oe 3sowzaddn ayiz woxy uorizextdsueajodess arqeirTeAR 8b6RIBAY--°6T BINHTL

XYVANNOd TIAOW VIIINOV

asytnbe ®atjoe 3sowaaddn
8yl WoIy InodO0 ued Yotym uortjextrdsuexzodeae
a1qeITeRA® jJO 3bejusaoxad ut ‘}yoo1q pTab yoes zo3

snTea 8T IoqUNN--NOILWVHIdSNVYLOAVAE LNIOUId 8L

SY3IL3IWOIA w m WLm 2 1o
s3IWS & b £ 2 | O NOILVNVYIdX3
‘Mos' o ‘M19°Y ‘M2 ‘MES'Y
! _h- 68 69 9L 9L (9 {49 69 YL €L 9. 8L 8L 9L 8L V8 _ —3 SL 9L 08 ¥e 9L YL TL TL 08 |49 08 9L £9 00T O 0 0 Y9 9 (9 995 oy ¥y 08
9L 8 9L 9L 09 7@ €8 |oor 86 €6 68 69 L9 .8 9L TL T VL 9L 869 9L (9 09 B8 O O 0 09 09 (9 (9 95 ¥ 95 6L
49 19 TL € 9¢ 9L 09 |68 €6 96 00T 00T 16 69 ©L 9. ®L Tz 8L oL (9 95 9 0 O 0 O 9 9 0 9|9 T 29 8L
| E) 49 (9 (9 69 V. €L 9L |ze 68 86 001 00T €6 89 TL GL 69 69 68 [9. (9 85 95 0 O O 9% 95 0 | s L
L9 69 (9 (9 (9 (9 9 (9 (9 Tz 9L 09 |ve 69 96 00T 0OT COT 68 T 9L €9 00T 88 [8L ¢9 95 95 0 O O v oo 0 o 9t e 9L
.ZNN_...—. 9 Jur 9L (9 95 9 95 9L %9 8 |69 €6 86 00T 00T 00T €6 €L 9. 68 001 9L [0 0 O O O O 0 (9 (9 9L 0 Uan [ SL
89 69 8L L9 v Yy ¥Y (9 80 69 [69 €6 00T 001 00T OOT €6 ¥9 8, 00T Q0L O fo O O O O O O De o 0 o [0 & o v
88 62 9L 95 €6 €€ ¥y (9 69 6 [68 €6 00T 0O 0OT @6 68 ¥9 gL 00T O O [0 0O O O 0 O O O O O 8 8|5 v 2T €L
69 6 (9 ¥y €€ BZ Ov IS (9 69 [€6 0 00T OOT AT €8 69 9. 09 08 0 O [0 0 O O 0 O O 0 O DE o [9s ee U (23
68 (9 €L T9 ¥y €€ €€ Oy ¥y (9 |@L O O OOT 00T EE €8 Y9 9/ v¢ O O {68 69 69 69 69 OL @L 9. ©L 9 8L 49 |95 yr 8T 1z
- 68 28 (9 95 vy Oy €€ €6 €€ €€ 96 0 O @8 €6 62 Y8 v8 v8 y9 0 69 69 a8 YL 9L 69 €8 69 69 68 9L 9L 8L [(9 95 (9 4 0L DES
68 29 9. (9 9 vy Ov €C ZTZ YL Yy 0 0 86 €6 62 09 ¥8 (9 v8 O 69 [v9 ¥9 V. 8L %8 69 69 6 69 69 68 68 9L TT Y €9
(9 9L le9 68 8L 9L 8L L9 9 wv e T O O (9 09 9¢ TL 9L 09 Y v9 o 9 [z8 08 9L 9L v €6 OOL 0O OOT OOT OOT €8 gz 00T GOy 89
9 (9 |[9L 88 8L ®L 8¢ 8 L9 19 v T £9 (9 9L (9 S YL ®L 9L 8L O 48 [09 09 9L 9L 9L 9L TL 8L 9 82 69 69 fuL 68 69 L9
9L 94|09 89 B8 68 68 8@ €L ©L 9L L9 wy TZ |YY L9 9L L9 9S IS 49 9L 0 0 0 O [9¢ 8L 8L 9L 9L 8L VL L9 9 (9 L9 8L |V 9L 9 99
92 BL |89 €B 96 98 98 96 €8 B9 68 BL (8 vy /9 9. B8 O O O O O O © O O |0 9 9L 9¢ V£ (9 95 95 9 vy ¥y 95 |9 (9 9¢ s9
9. 78 |6 98 001 OOT 0QT 00T OOT 00T 001 69 @ 8L [69 68 0OY O © © 0 O 0 O 0 O [0 0 O 94 9L 95 9 9 v zZT 0 ¥ |t € W b9
9, ve |68 00T 00T 68 00T 0OT 00T OOT 0OT 68 6@ 0OT[0OT 0OT 0T O O O © O o0 0 0 O Ua 0 0 9L (9 19 8L 9L 95 € (9 |00 89 9L €9
.qu—..P 8 v |69 00T 00T (9 00T 00T 0OV aanDaea 00T 001|00T 00T 0 O Da 0 0 0 o o0 0 [0 0o 0 0 Tz 8 9. 63 001 B9 95 L9 |68 vyg 0@ 29
8, 6% [00T 00T 00T 00T 00T 0OT 001 68 9. 63 00T 0OIfo © © O © O O O O 00T OQOLOOIf68 83 O eV O (9 9L 68 8L 95 BT ¥y [£9 8L T 19
T 9L |69 95 00T 00T 9L (9 9L (8 8L 9 o010 |o 0 ©0 0 O O 0 © D.:: 00T 00T[69 €L T O O Oy £9 00K L9 9 95 L9 |49 (9 T 09
69 €L [9L 9L 9L €8 L9 (Y vy 95 9L (9 68 0 |0 ©0 O 0 00T 88 &8 00T 0 @6 00T OOT|i0 0OT U6 Ly 9/ COY 9« 8, 09 oL 69 68 9. 9L 9L 65
9 (9|49 19 95 85 €5 BY wv 95 (9 89 69 0 0 69 9/ T, 9 00T 001 69 00T OOT 00T OOT 00T 94 00T 0OV 82 v vy TL 00t 96 |v9 89 9¢ 8s
v9 9 [£9 49 (9 09 95 95 95 (8 €L TL 89 0 0 68 (9 9 09 (9 T/ gL 69 O0OT[00T 00T 00T O 00T 00T (9 €¢ 9€ Oy 007 16 {8/ ¥8 68 18
vo cofos TL TL 49 (9 £9 9 9L 9L €L 68 00T 9 (9 (9 (9 9L 9. €68 %@ 69 [c6 €6 16 0O 0OT 001 8L v» €€ 6Z 9L 68 |L9 (9 (9 9g
29 v9 |49 8 8z £ € € € 8L v8 €9 o001 0 00T 9 (9 9 BL BB va Q0T 96 €6 [¢8 €6 96 96 69 00T 68 (9 Sy SZ SS OL |TL Tt L8 9§ ¥y €€ €€ EE v 00T SS
Te v lee 08 08 9L 9L 9L 9L oL 88 001 0 0 29 8L 8L ¥9 (9 001 /9 00V 00T 0OV[9 69 98 €6 8. 89 @ (9 SY 0T S5 S9 |40 (9 L9 95 ¥y €€ €€ €€ ¥Yv 85 (9 1 2°]
00T €6 9 9L 8L 9r €L TL T4 €9 €9 9L |¥9 96 €6 89 89 Z9 09 (9 €6 007 0 0 95 00T 00T Z9 %8 00T 0Ot 00T 00T 00T 09 B2 8L 9L ¥y (9 (9 9 S¥ Gv §¢ 69 (9 (9 £9 9C v €€ 2T €€ ¥y 95 (9 8L |9¢ €S
00T 00T 88 9. (9 (9 YL 69 69 69 €9 09 [69 00T 98 €6 89 y9 9 88 @6 00T 9¢ 96 {08 00T 9L O0OT B8 L9 8L B9 00T 0OT €6 OOT{L9 95 %Y »¥ TT ¥Y v ¥y ¥ 95 95 £9 |95 95 95 ¥y €€ 2T Tt €€ v (9 9 8L |9¢ 2%
CNGZITL [PTOOTSL TS TS 95 9 9 49 L9 (9 L |63 OOT 98 6 69 ¥E T0 9 (9 €9 96 96 |49 OOV S6 96 96 IL 9L TL O 0 99 T (W v 6 T O TL T EE WY WY Yy M % S 2 VI 0 T Y 49 8L 9L |% IS
68 (9 95 Ly TS 9 (9 (9 95 95 95 @ [v9 98 €6 69 €9 69 (90 8 00T @, 6¢ 69 Jc6 €8 @ €6 00T 69 6 08 09 ¥8 68 6 [9/ Y9 ey € UL 2ZZ €€ €€ €€ vy vy ¥y ey 95 9C 9C €€ 10 0 IT €€ 95 (9 9L (8L os
69 v €. zv €5 95 19 (9 95 vy vy (9 |8z Ve 16 ¥9 €8 €6 €6 86 00T 0OT 0OV 0OT|00T 00T €6 00T OOT OOT €6 68 ¥ 69 00T 0OT[SL 6v ¥y vv 2ZZT EC ¥r ¥v %y vy v v € ey © 9C wv €6 TT €€ 95 (8 ® 9L |9L (14
@9 95 ¢9 vr 8c 18 69 <9 9c vy €c 68 |68 6@ 68 09 Y6 68 €6 00T 00T 0OT 00T O 0O O OOr 00T 0OV 69 6@ 69 69 68 €6 OOL[0 95 95 9 ¥» ¥ ¥ ve %y €€ ¥v W |Yr 95 99 09 96 €€ CC vy L9 (9 QL 09 8v
69 ¥9 29 95 (v 9 95 (9 9L Y 1T 69 [88 8 v9 TL 9z 9 €6 00T QOT 00T 0OV O [0 O ©OL @S I8 0B v8 89 B9 O O O o 9 95 95 TC ¥ vy 9 95 W vy 95 [95 9 (9 95 85 *y v (9 08 @ 09 v
l6e cc (9 95 8S 79 (9 09 00l 9. €S (9 [¢6 00T €6 Y8 €8 €6 00T 00T 00T gE o9 ﬂue_: €6 69 16 69 89 0 0 0 0 ST Jsr 09 Y 95 95 LB (9 (9 (9 95 vy L9 ({9 9 V. 89 (9 (9 o9t
00T 85 95 95 85 09 09 09 95 (9 (9 68 |00T 00T 98 00T 00T 0OV 0OT 00T 00T 69 €L 69 |c8 00T 96 Z9 €6 00T €6 0 O 0 O S2 08 (9 95 ¥9 €L 69 c¢c ¥ BY B 9 (9 V. € 9 9L 09 St

45



Pumpage from the Aquifers

Ground water is used for irrigation, municipal, industrial, farm, ranch,
and domestic use. However, most of the water withdrawn from the glacial-
aquifer system is used for irrigation. Withdrawals, other than irrigation,
generally have little effect on the aquifer system.

Ground-water withdrawal data are required to simulate the glacial-
aquifer system. Pumpage data were collected for 1973 through 1985. Before
1973, little pumping occurred from the aquifers. The aquifers are in
approximately steady-state or equilibrium conditions. That is, although the
water levels in the aquifer system may have declined during the summer months
due to reduced recharge, increased evapotranspiration, or pumpage, the water
levels generally recovered to approximately the same or equilibrium levels
during the winter or early spring months (figs. 8 and 10). The average 1973
through 1982 pumpage from aquifer layer 1 used in the simulation of the
steady-state model was about 1.66 ft3/s. No pumpage was reported for aquifer
layers 2 and 3 for 1973 through 1982.

Pumpage for 1983 through 1985 was used to simulate the monthly pumping
from the aquifer system (table 4). Pumpage is large during the summer months
because irrigation is the major use of water from the aquifers.

Hydraulic Connection Between the Rivers and Aquifers

Where the glacial-aquifer system is hydraulically connected to a river,
stream, or surface-water body, they may contribute water to the aquifer or
drain water from the aquifer, depending on the head gradient. According to
Koch and Bradford (1976), aquifer layer 1 discharges into Foot Creek and the
Elm River although no data on streamflow gains are available. Considering
the extent and thickness of aquifer layer 1 and thickness of the overlying
confining bed, the hydraulic connection between Foot Creek and aquifer
layer 1 is poor. The Elm River is hydraulically connected to aquifer layer 1
in 32 grid blocks (fig. 14).

SIMULATION OF GROUND-WATER FLOW IN THE GLACIAL-AQUIFER SYSTEM

Calibration of the Ground-Water Flow Model

Model calibration is the process by which model parameters are adjusted
so the model will adequately simulate historical potentiometric heads and
flows. The initial equilibrium conditions were simulated by entering average
river stage, recharge, evapotranspiration, and pumpage and by setting the
storage in the aquifers to zero. This is referred to as the steady-state or
equilibrium simulation. The simulated steady-state potentiometric heads were
compared to the observed annual average pre-1983 potentiometric heads to
assess the accuracy of the steady-state simulation. The monthly transient
gsimulation includes storage and time-dependent river stage, recharge,
evapotranspiration, and pumpage. Simulated monthly transient potentiometric
heads were compared to observed monthly potentiometric heads.

Calibration involves varying the values of hydraulic conductivity,
recharge, evapotranspiration, leakance, and storage to bring simulated poten-
tiometric heads closer to the observed potentiometric heads. The parameters
were varied within reasonable hydrologic limits. Calibration was completed
when a "best fit" between the simulated and observed potentiometric heads in
each aquifer was obtained.
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Table 4.--Monthly ground-water withdrawal rates from the study area, 1983-85

[--, assumed to be zero]

Ground~water withdrawal rates
(cubic feet per second)

Year Month Aquifer Aquifer Aquifer
layer 1 layer 2 layer 3

1983 January - - -
February - - -

March - - -

April 0.120 0.008 -

May .291 .575 0.054

June 2.487 3.013 .440

July 3.930 6.287 .565

August 4.220 5.288 .652

September 1.120 2.950 .080

October .038 .022 -

November - - -

December - - -

1984 January - - -
February - - -

March - - -

April - - -

May .306 .202 .042

June . 349 .666 .105

July 5.596 6.766 .578

August 10.492 12.693 .645

September 3.289 6.007 .214

October - .260 -

November -— - -

December - - -

1985 January - - -
February - - -

March - - -

April .031 .019 -

May .376 .706 .028

June 1.030 2.796 .144

July 3.900 10.307 .563

August 4.548 11.391 .331

September 1.318 4.682 .120

October .062 .038 -

November - - -

December - - -
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Tables 5 and 6 give an indication of how well the model duplicated
observed potentiometric heads. The smaller the average difference between
the simulated and observed potentiometric heads, the better the model
represents the glacial-aquifer system. However, because of the scattered
areal distribution of the data, the degree to which the model duplicates
observed potentiometric heads can only be assessed where sufficient water-
level data exist.

There are several means by which errors can be introduced into the
analysis. The complexity of the aquifers and their stratigraphic relations
can result in seemingly unusual water levels. 1In addition, nearby pumping
can result in observed water levels which do not reflect conditions
throughout the area. Inaccurate measurement or error in recording of water
levels can result in additional errors. Errors in the model formulation,
estimation of the hydrologic parameters, and the lateral differences between
well location and node center in the model will also produce differences
between the simulated potentiometric heads and the observed potentiometric
heads. Tables 5 and 6 reflect the best composite set of average and absolute
differences obtained between the simulated and observed potentiometric heads
for the steady-state simulation and the 1985 monthly transient simulations.

Steady-State Simulation

The steady-state simulation provides information on the hydrologic
conditions in the glacial-aquifer system before significant ground-water
development; no storage terms are included in the simulation.

As indicated by the hydrographs (figs. 8 and 10), pumpage for irrigation
from the aquifers (table 4) have not produced significant water-level
declines in the aquifers. The aquifers generally are in equilibrium; water
levels usually recover during the nonirrigation fall, winter, and spring
seasons.

The simulated steady-state potentiometric surfaces are shown in
figures 20-22. There are water-level data from 22 observation wells com-
Pleted in aquifer layer 1 for the period before 1983 and from 13 observation
wells completed in aquifer layer 2. There are no water-level data available
for aquifer layer 3, however, observation well 121N65W34CCCC located south of
the study area was used as an aid for estimating water levels in the study
area. The maximum positive head difference between the simulated and
observed water levels in aquifer layer 1 was 8.41 ft in observation well
126N63W10AAAA located in grid block row 35, column 24 and the maximum
negative difference was 11.78 ft in observation well 125N63W29CCCC in grid
block row 54, column 19. The maximum positive head difference between the
simulated and observed water levels in aquifer layer 2 was 17.17 ft in
observation well 128N60W19BBCC located in grid block row 15, column 53 and
the maximum negative difference was 5.43 ft in observation well 123N64W34BBBB
in grid block row 79, column 11.

48



*T9A9T X93eM POAISSUO URY]} SSST ST pPeay pPajelnuls usym aouaaajjrp 2at13eben,

*{9A3T I93BM pPaAISSQO uURY3} I93eaxb ST pesy pPa3RInWIS USYM DOUBIBIITP SATITSOd

- awes

ayj aie z- pue gz JO anyea 23niosqe ayjy ‘ardwexs xod -ubrs pe3eIoOosseE S3T INOYITM Jaqunu aylz ST Iaqunu
® JO anieA a3nfosqe ayl °spesay oSTIjaworjusajod paAIasqo Y3iTM STTOM UOTIRAISSJO JO aaqunu Aq papTIATp SYI01q
p1ab Hurpuodsaixod utl speay OTIFBWOTIUS930d peaAIssdo snuTw pajeThWTs JO S8nIeA 33INnIos8qe 8yl JOo uoTjewwng,
‘peay paAIasqo ayl UBY] ISMOT SEM peay pajeThuwTs S83BOTPUT Jaqunu aaT3iebau !pesay paaaasqo ayil ueyy Iaybty
SEM PESY Pa3eTNWIS S23EOTPUT ISqWNU SATITSOd °Speay oTIxjawoTjuajzod paAsrIasqo Y3Tm STIOM UOT3IRAISSQO JO
Iaqunu Aq papTATp 8Yo01q prab burpuodsaaioo uyr speay os1apworiuslod pesAIasqo SNUTW PAILTNWTIS JO UOTIeWuWNg,

- - —_— - - Jaquaoag
6T LT 9T IL°8 £6°% 86°— I2qWBAON
ot vE° 91 ve"s 8T ¥ 1€°¢- 1970320
LT 68°TT 1s8°S 91 ¥ ZT°1- xaqueaidaes
6T 9T°LT 6L°S 00°S £€5° 2~ asnbny
zT IE€E°LT vZ°9 99° % vs°z- Kinp
A A Z9°¢T S0°8 €9° % 98° - aung
184 6L°0T 6L°TT 60°S 6S° Len
Tz 80°96 9L°L 89t 9L° - Tradv
- - - - - yosaeyw
8T 80°9T 68°11 T€°9 Pyl Lxenaqeg
6 LY 1T 65°0T 96° b 8v°T Kxenuep
G86T ‘IuaTsueag
A4 8L°TT iv°8 65°% 8L'0 a3e3s-Apeass
(as23) (3s03) (3093) (3993)
speay yspeay gSpeay z8peay 8peay uorjeTnwYs
otxjswoTt3juajzod oTaj3swoT3uajzod otrx3awor3juajzod oTIjzswot3juajzod otTxj3awotjuajod T19pPONn
poaxasqo paAxasqo paAaxasqo paAxasqo paaxssqo pue
YaTm sTIaMm pue pajelnurs pue pajelnwrs pue pejeInuwrs po3eTnurs uaamilaq
uoT3eAIDSQqO U99MDdQq SOUDIDIITP UDSIMJIDQ SOUDISIITP USBMIOQ SOUSBISIITP oSouaaaiiTp dbeaaavy
Jo Iaquny aaT3ebau wnwIXEH aAaT3Tsod wnwiXen a3ntosqe abeaaavy

edWoy-~*§ aTdel

49



*{9A8T I193EM PIAISSQO UeYl SS3T ST peay paje]nuwls Uaym aousaajjtp aataebsn,

*19A®T I93eM DPIAISSQO UeYl I23ea1b ST peay pPajeInWTsS USBYM 90USIBIJITP SATITSOd

caues

ay3 aIe z- pue Z Jo anTea ajnyosqe ayy ‘ardwexa a0 *ubTs peajeroosse S3T INOYITM Iaquwnu ayjz s aaqunu
® JO anyea aj3niosqe aYJ °speay otajaworjuajod paaaasqo Y3iTm STIOM UOTIeAIasqo 3JO Iaqunu Aq p3pTATP SHOOTq
pTab bButpuodseiiod uy speay oTa3swoTjuslzod paarasqo sNUTw pajeTnhwls JO sanTea 33niosqe 8yl jo UoTIRWUNG,
‘peay paalasqo 8Yy3j Ueyl IBaMO] Sem peay pajelhwls s33edTputl zaqunu aaTiebau {peay paaaasqo ayl ueyi aaybty
sem peay pajelnuls s33eOTPUT I3qWnu 3ATITSOd °*speay OTaxjzawoTjuajzod paaxasqo Y3iTm sSTIe8M UOTIPAISBSCO JO
xaqunu Aq papTATp s}201q pTab butpuodseixod uy spesy oTajzaworjusjod paaassqo snNUTW pajefnuwis JO UoTIewuwng,

- - - — - Taquaoaq
(44 og°1¢ 9v° LY L6°9 sL°C 18qWIAON
6 Sv°9 26°S1 YL 86V I38q03°0
1 &4 88°12 LT 62 12°L 66°Z Jaquaidas
€2 L8°1e 9z TV €C°8 TZ°€ 3Isnbny
|4 8v-1¢ SE€° 9% Le-L 12°¢ Xinp
£C LL°81 6S°LT ST°S 6v° - aunp
€T 1LY L9-°2¢ 8C°S £€6° Ken
€2 S8l 8V 6 96°¢ ¢z 1~ 1T1ady
- - - - - yoxew
oz 6% °81 T0°L2 Ev°S ST°¢ Azenaqag
€1 1161 9L°ST 06°9 L9t Azenuep
S86T ‘3uaTsueay
€1 EV°S LT°LY 0T"S 6V € aje3s-Apeass
(3093) (3993) (3993) (3923)
speay ySpeay ¢Speay zspeay 18peay uocIjeTNWIS
oT1a3swoT3uajod oTa3jswoTjuajod ot1ajawoTtjuajod ot1a3awotzuajzod oTx3swoTt3uazod TOpPOW
paAIasqo [SEY® EY-ToTe) paaxasqo paaxasqo paAIadsqo pue
Y3TM sTIaM pue pajelnuis pue pajelnuis pue pajeTnurs pa23eTnuTs uaamlaq
UOT3IRAIBSO uasamM3Iaq BDOUSISIITP UIBMIBQ SOUSIBIITP UIBMIBQ BJOUBIBIITP Sduaia3zjTp abeasay
Jo Iaqunn aaTiebau wnwixey aaT3Tsod wnuwixey ajniosqe abeaaay

[e3qep ou --]

7 d9Ae] 153J1nbe 103 Bpeay OTa13ouofjuslod poAIssgo pUEe poje(nWls UsamMm3aq UosJieduioy--°9 aTqel

50



45930

TiZ8N
TIZ2TN
2
T126N
ek
zﬁ;
f{
b
=
TI2BN
=13
=1
2 124N
e R
{
P
P
o
Le—=Aquifer Mi
§ boundary ‘
i TI22N
i
H
N 1 i ?
B.E4W. RE3W R 80w
EXPLANATION 5 4 5 MILES
—1300— SIMULATED POTENTIOMETRIC~SURFACE CONTOUR-- T K'ij‘ P
Shows altitude of simulated potentiometric surface 2 4 6 KILOMETERS

based on average hydrologic conditions, 1972-82.
Contour interval is 10 feet. Datum is sea level

L) OBSERVATION WELL
P PUMPING NODE

Figure 20.--Simulated steady-state potentiometric surface of aquifer layer 1.

51



98°30' NORTH DAKOTA ] 98°00'

e 2. - - - -
r sﬁmf Inkof A
o
3
¥ 9o
»
N TI28N
L t
Q}@
/ / ( !
45K b o ( I ‘g
° o
2 6o ;
é‘" 2y 0 27N
~ ) Ti27
%‘}‘0 Q (\9 () A’?ﬁ?d I
P / QQ\ ‘ake i
)-
) ?L"' "'/{ / / i;
‘ 1
=
/ Aquifer —» &
| O
boundary !
}TEEGN
i
i
!
§

TIZ25N.

m‘«.
{
Sy
¥
PPy
> o
;;\\\\\\\‘__-\
N
. ;
COUNTY
MARSHALL

\fﬁm\\*wﬁ
I

el & Aquifer el
PN boundary £,°
o
§/ 0 o i TI24N
ﬂ\‘}}w’\w < Ty
L)
o/‘
0
& ' z
A o

TI23N,

B
(911
[}
o
<
H
RN R

] 1

R
R.63W. REZW. R8IW R 60W

EXPLANATION

—1t300— SIMULATED POTENTIOMETRIC-SURFACE CONTOUR--
Shows altitude of simulated potentiometric surface
based on average hydrologic conditions, 1972-82.
Contour interval is 10 feet. Datum is sea level

L OBSERVATION WELL
P PUMPING NODE

2 4 §MILES
2 4 6 KILOMETERS

Q
0

Figure 21.--Simulated steady-state potentiometric surface of aquifer layer 2.

52



38°30 NORTH DAKOTA 38°00'
e o - - - - . - - N
/; SouTH /f '}
%
§ ¢ /j ’
! 1340 (/ § TI28N
5 i
& § § {
Q‘”\ < B i
{ i ] :
45050 b (} Aquifer ——» \ <% L 5 .t
: boundary j } T
N 1 " &] H
o .
é}f x !?szm
- Mud :
M{ Loks } i
5 / g
e P \4)6 / 3 ; ;}:
) v $ E
o qf S
L/ Qs,i to
Song f\é"r: i
{oke S P TIZBN
Ea» " &/ |
\ A - !
Momy A 4 &F b
£ 4 / E
M & N
) " , <
1 %
° S N
AJ\ Y «V‘ i“‘i P
/\ W__/ - T i28N
1 f /| 2
éf § e / <,
> /r ¢ o
’ 5 |
i =
,\}C 21 1i2an
N \’é &,
fﬁa/ag?
3 b
wf
[
{imoz}{j - -Aqu ifer b
boundary dg{ ﬁ
P TI23N,
!
H
i
i i §
R.c4W RE3IW, R.G2W. RE8IW. R BUW
EXPLANATION 0 ‘?. "% 6 MILES
—1300— SIMULATED POTENTIOMETRIC-SURFACE CONTOUR-- O 2 4 6 KILOMETERS

Shows altitude of simulated potentiometric surface
based on average hydrologic conditions, 1972-82.
Contour interval is 10 feet. Datum is sea level

P PUMPING NODE

Figure 22.--Simulated steady-state potentiometric surface of aquifer layer 3.

53



The reasons for the discrepancies are unknown but may be due to the
complexity of the glacial-aquifer system. These observation wells may be
partly isolated from the surrounding aquifer by till or clay and silt
outwash, and therefore, water levels from these wells may not represent the
regional potentiometric surface of that agquifer. Also due to the simplifying
assumptions in the model and the size of the finite-difference grid, the
simulated steady-state potentiometric heads will contain inaccuracies.
However, the model is one of the best means of improving and evaluating our
understanding of the glacial-aquifer system.

The highest potentiometric heads in aquifer layer 1 are located on the
western boundary of the study area and the lowest heads are located near the
James River which is topographically the lowest area (fig. 20). The poten-
tiometric contours in aquifer layer 1 approximate the topographic contours.
Ground water flows from higher to lower potentiometric head and perpendicular
to the potentiometric contours. The flow west of the James River generally
is eastward toward the river, and east of the James River the flow generally
is westward.

Previous studies have indicated that the James River gains little or no
water from the underlying glacial-aquifer system in the study area. The
steady-state simulation shows that evapotranspiration can reasonably remove
enough water from the glacial-aquifer system before it reaches the river to
approximate the steady-state potentiometric surface.

The potentiometric heads and flow within aquifer layer 2 (fig. 21) are
similar to those of aquifer layer 1. The highest potentiometric heads are
located on the western boundary of the study area and the lowest heads are
located in the topographically low area near the James River. Flow in
aquifer layer 2 generally is to the east, west of the James River and flow
generally is to the west, east of the James River.

The steady-state simulation indicates that the potentiometric heads in
aquifer layer 3 are highest at the north end of the study area and lowest at
the south end (fig. 22). Simulated flow in aquifer layer 3 is from the
northwest to the southeast. Based on a couple of measuring points, Koch and
Bradford (1976) stated that the direction of ground-water movement is to the
north. There are no water-level data available to check the validity of the
aquifer layer 3 steady-state simulation.

One of the least understood aspects of the glacial-aquifer system is the
potentiometric head relations and flow between the agquifers. The model
provides a means of making head comparisons between the aquifers over the
study area. The steady-state head differences between aquifer layers 1 and 2
(figs. 20 and 21) were all less than 1.0 ft and most were 0.1 ft or less.

Recharge from precipitation was 94.8 percent of the steady-state inflow
to the glacial-aquifer system (table 7). The average annual recharge
distributed over the active model area was 4.3 inches. Evapotranspiration
accounts for 95.8 percent of the outflow from the predevelopment steady-state
glacial-aquifer system. The average evapotranspiration distributed over the
active model area was 4.6 in/yr.
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Table 7.--Simulated water budget under steady-state conditions

Flow rates in
cubic feet

Budget component per second Percent
INFLOW
Recharge to the glacial-aquifer system 327 94.8
from precipitation
Recharge to the glacial-aquifer system from .33 .1
the stream
Inflow at specified-head boundaries 17.6 5.1
Total inflow (rounded) 345 100.0
OUTFLOW
Evapotranspiration from the glacial-aquifer system 333 95.8
Pumpage 1.61 -4
Discharge from the glacial-aquifer system 1.54 .5
to the stream
Outflow at specified-head boundaries 11.5 3.3
Total outflow (rounded) 348 100.0

Transient Simulation

The transient simulation includes changes in storage in the aquifers.
The hydrographs of water levels in the 3 aquifers (figs. 8, 10, and 12)
indicate that the aquifers generally are in equilibrium. Water levels
decline during the summer months due to increased evapotranspiration and
pumpage and rise to near nonpumping water levels during the late winter and
spring due to increased recharge.

Since no long-term water-level declines have occurred in the aquifer
system, the aquifers were simulated in monthly pumping periods to simulate
seasonal changes in the aquifers’ water levels. Twelve monthly pumping
periods for the year 1985 are simulated. The year 1985 was selected because
it has the most water-level data available to check the accuracy of the
monthly simulation. To ensure adequate starting heads for the January 1985
simulation, monthly simulations for 1983 and 1984 were also run. The
potentiometric heads calculated by the December 1984 simulation were used as
the starting heads for January 1985. Water levels at the beginning of 1985
(figs. 8, 10, and 12) were higher than average due to above-normal precipita-
tion (table 2) and subsequent recharge to the aquifers. Subsequent 1985
monthly starting heads used potentiometric heads generated by the preceding
monthly simulation.

The average difference between the simulated and observed water levels
for the 12 monthly simulation periods (tables 5 and 6) ranged from -2.54 ft
in July to 1.48 ft in January for aquifer layer 1, from -1.22 ft in April to
4.98 ft in October for aquifer layer 2. The average absolute difference
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ranged from 4.16 ft in September to 6.31 ft in February for aquifer layer 1,
from 3.96 ft in April to 8.23 ft in August for aquifer layer 2. Insufficient
data exists for aquifer layer 3 to calculate differences between the
simulated and observed water levels. The number of observation wells is a
major factor in the average and absolute monthly differences. The larger the
number of observation wells, the better the average differences indicate how
well the model simulates the aquifers.

Comparison of hydrographs of observed water levels and simulated poten-
tiometric heads for the corresponding grid blocks in which the observation
wells are located are a means of determining the ability of the model to
simulate the glacial-aquifer system (figs. 23-25). The hydrographs indicate
that there are areas where the model is capable of simulating the aquifers
accurately and there are areas where the model does not. The reason for the
poor correlation between the simulated and observed hydrographs for May and
June possibly is a result of the distribution of precipitation in April and
May (table 2). The average precipitation for April was only 0.54 inch or
about 26 percent of normal which probably could result in a soil moisture
deficiency. Although the average May precipitation was 3.58 inches or about
138 percent of normal, a potential soil moisture deficiency would result in a
lower than anticipated recharge to the aquifer. This variability indicates
the complexity of the glacial-aquifer system and the apparent need for
accurate recharge data.

The hydrographs indicate that the water levels in the aquifers generally
are highest in April and lowest in August. The simulated potentiometric
surfaces of aguifer layers 1, 2, and 3 for April 1985 are shown in
figures 26-28. In April, the average difference between the simulated and
observed water levels was -0.76 ft and the average absolute difference was
4.68 ft for aquifer layer 1 (table 5). The maximum positive difference
between the simulated and observed water levels was 7.76 ft at observation
well 125N63W4AAAA in grid block row 45, column 22, and the maximum negative
difference was 16.08 ft at observation well 125N63W29CCCC in grid block
row 54, column 19. The maximum positive difference for aquifer layer 2
(table 6) was 9.48 ft at observation well 125N63W1AARA in grid block row 45,
column 28, and the maximum negative difference was 18.45 ft at observation
well 128N62W14DDDD in grid block row 14, column 38. There is only one water-
level measurement in aquifer layer 3 in April 1985. The simulated potentio-
metric head in grid block row 27, column 28 was 35.56 ft higher than the
observed water level in observation well 127N63W24AAAA. The average and
absolute differences between the simulated and measured water levels
(tables 5 and 6) and the comparison of selected hydrographs of simulated and
measured hydrographs demonstrate the ability of the 1985 monthly transient
simulations to approximately replicate the aquifer’s response to monthly
changes in pumping, recharge, and evapotranspiration.

The configuration of the April 1985 potentiometric surfaces for aquifer
layers 1, 2, and 3 (figs. 26-28) are very similar to the corresponding
steady-state potentiometric surfaces (figs. 20-22) except that the April
potentiometric heads generally are higher. The April 1985 potentiometric
heads in aquifer layer 1 range from greater than 1,390 ft along the western
boundary of the study area to less than 1,280 ft near the James River. The
direction of ground-water movement in aquifer layer 1 generally is eastward,
west of the James River and westward, east of the James River. The April
1985 potentiometric heads and direction of flow in aquifer layers 2 and 3 are
similar to those of aquifer layer 1.
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Figure 23.--Hydrographs showing comparison of simulated and observed monthly
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deposits part of aquifer layer 1, 1985.
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The configuration of the August 1985 potentiometric surfaces for aquifer
layers 1, 2, and 3 (figs. 29-31) are lower than those in April due to
increased evapotranspiration and pumpage and a decrease in recharge. The
August 1985 potentiometric heads in aquifer layer 1 ranged from greater than
1,390 ft above sea level along the western edge of the model area to less
than 1,270 ft near the James River (fig. 29). The direction of ground-water
movement in aquifer layer 1 generally is eastward, west of the James River
and westward, east of the James River. The August 1985 potentiometric heads
and direction of flow in aquifer layers 2 and 3 (figs. 30-31) are similar to
the heads in aquifer layer 1.

The August potentiometric heads for aquifer layers 1 and 2 generally are
lower than the April potentiometric heads. Between April and August 1985,
the model-simulated aquifer layer 1 potentiometric heads declined from 0.0 to
15.8 ft with an average decline of 2.4 ft. The potentiometric heads declined
from 0.0 to 15.8 ft with an average of 3.3 ft in aquifer layer 2. The
simulated potentiometric heads in aquifer layer 3 declined from 0.0 to
13.5 ft with an average decline of 4.8 ft between April and August 1985. The
largest head declines generally occurred in areas where pumping from the
aquifers is greatest. There are few data available on the potentiometric
heads in aquifer layer 3, therefore the accuracy or significances of these
head changes between April and Rugust are not known.

The nodal data used to contour the potentiometric head data for aquifer
layers 1 and 2 (figs. 26, 27, 29, and 30) for April and August were compared
to determine the vertical head differences between the aquifers. The
vertical head differences between aquifer layers 1 and 2 in both April and
August do not exceed 1.0 ft.

A simulated water budget equating monthly sources and discharges for the
model for 1985 is shown in table 8. The water budgets for the 12 monthly
simulation periods vary considerably as a result of changes in the monthly
evapotranspiration, storage, and pumpage. The maximum error in the monthly
mass balances (differences between sources and consumption of water) is about
4 percent.

The primary source of water in 1985 was recharge from precipitation and
snowmelt which bccurred in the spring and early summer. During this period,
leakage across the model boundaries represented by specified head nodes and
leakage from the Elm River supplied less than 0.1 percent of the water.
During the remainder of the year, the primary source of water was from
storage. The major losses of water were pumpage and evapotranspiration
during the months of May through August. The amount of water discharged from
the aquifer during the summer is recharged to the aquifer in the fall,
winter, and spring months.
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MODEL SENSITIVITY

The confidence in the model’s response needs to be based on a subjective
appraisal of the analogy between the glacial-aquifer system and the model. A
significant part of this analogy is the assumption that the aquifer charac-
teristics have the same or similar characteristics assumed in the model.
Because the aquifer characteristics are not known with certainty, the sensi-
tivity of the model to each of several selected characteristics was tested.

The sensitivity of the model was tested by changing the values assigned
for recharge, evapotranspiration, and hydraulic conductivity. The extent to
which these variations affect the simulated response is a qualitative measure
of the sensitivity of the model to uncertainty in that aquifer character-
istic. Thus, if the variation produces a minor change in the predicted
response, the model is not sensitive to that aquifer characteristic.

The sensitivity of the simulated steady-state condition is described by
comparing the standard steady-state simulation (the one described thus far in
the report) with an alternative simulation (one in which an aquifer
characteristic had an alternative value).

The sensitivity of the steady-state simulation to changes in recharge,
evapotranspiration, and hydraulic conductivity for aquifer layer 1 is shown
in table 9 and aquifer layer 2 is shown in table 10. There are no
potentiometric-head data available for aquifer layer 3 on which to test the
model ‘s sensitivity. It is assumed, however, that the sensitivity of aquifer
layer 3 would be similar to that of aquifer layers 1 and 2. The areal
distribution of the percentage of maximum recharge and evapotranspiration in
each grid block was not changed. Also the areal distribution of the
hydraulic conductivity was not changed.

The steady-state simulation is most sensitive to changes in recharge. A
25-percent reduction in the maximum recharge rate from 7.00 to 5.25 in/yr
resulted in the average difference decreasing 0.12 ft for aquifer layer 1 and
0.59 ft for aquifer layer 2. The average absolute differences decreased
0.37 £t for aquifer layer 1 and 0.11 ft for aquifer layer 2. Also the
maximum positive differences changed 2.01 ft for aquifer layer 1 and 0.21 ft
for aquifer layer 2. The maximum negative differences changed 0.64 ft for
aquifer layer 1 and 1.07 ft for aquifer layer 2. Increasing the recharge
rate 25 percent from 7.00 to 8.75 in/yr produced larger changes in the
average difference and in the maximum positive and negative differences for
both aquifers layers 1 and 2. The average absolute differences were slightly
larger.

The effects of decreasing the potential steady-state evapotranspiration
rate from 35.4 to 26.4 in/yr produced a 1.61-ft increase in the average
difference for aquifer layer 1 and a 0.93-ft increase for aquifer layer 2.
The decreased potential evapotranspiration also resulted in an increase of
0.18 ft for aquifer layer 1 and a 0.48-ft increase for aquifer layer 2 in the
average absolute difference from the standard steady-state simulation. An
increase in the evapotranspiration rate to 44.25 in/yr resulted in the
average difference decreasing 0.62 ft for aquifer layer 1 and 0.57 ft for
aquifer layer 2. The average absolute difference decreased 0.17 ft for
aquifer layer 1 and 0.28 ft for aquifer layer 2.

The steady-state simulation is relatively insensitive to changes in
hydraulic conductivity. 1In general, a 50-percent change in hydraulic conduc-
tivity produced less change in the average and absolute differences for
aquifer layers 1 and 2 than 25-percent changes in recharge or evapotranspira-
tion. This sensitivity analysis indicates that the accuracy of the recharge
and evapotranspiration used in the model is more important than the accuracy
of the hydraulic conductivity.
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Table 9.--Model sensitivity to changes in recharge, evapotranspiration,
and hydraulic conductivity for aquifer layer 1

Average absolute Maximum positive Maximum negative Number of
Average difference difference between difference between difference between observation

between simulated simulated and simulated and simulated and wells with
and observed observed observed observed observed
Model potentio- 1 potentio- 2 potentio=- 3 potentio- potentio=-
simulation metric heads metric heads metric heads metric heads metric heads
(feet) (feet) (feet) (feet)
Standard steady- 0.78 4.59 8.41 11.78 22
state model
Steady-state model .66 4.22 10.42 12.42 22

with maximum
recharge reduced
25 percent

Steady-state model 2.35 4.67 11,39 9.73 22
with maximum
recharge increased
25 percent

Steady-state model 2.39 4.77 12.69 10.07 22
with maximum
evapotran-
spiration reduced
25 percent

Steady-state model .16 4.42 7.24 12.49 22
with maximum
evapotran-
spiration
increased
25 percent

Steady-state model 2.21 4 .64 10.06 9.81 22
with hydraulic
conductivity
reduced
50 percent

Steady-state model 2,00 4.50 14.15 10.43 22
with hydraulic
conductivity
increased
50 percent

1Smnmat.i.&:m of simulated minus observed potentiometric heads in corresponding grid blocks divided by number
of observation wells with observed potentiometric heads. Positive number indicates simulated head was
higher than the observed head; negative number indicates simulated head was lower than the observed head.

ZSLmnat.ian of the absolute values of simulated minus observed potentiometric heads in corresponding grid
blocks divided by number of observation wells with observed potentiometric heads. The absolute value of a
number is the number without its associated sign. For example, the absolute value of 2 and -2 are the
same.

aPosit.iva difference when simulated head is greater than observed water level.

ANesat.ive difference when simulated head is less than observed water level.
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Table 10.--Model sensitivity to changes in recharge, evapotranspiration,
and hydraulic conductivity for aquifer layer 2

Average absolute Maximum positive Maximum negative Number of
Average difference difference between difference between difference between observation
between simualted simulated and simulated and simulated and wells with
and observed observed observed observed observed
Model potentio- potentio- potentio- potentio- potentio-
simulation metric heads metric heads metric heads metric heads metric heads
(feet) (feet) (feet) (feet)

Standard steady- 3.49 5.10 17.17 5.43 13
state model

Steady-state model 2.90 4,99 16,96 6.50 13
with maximum
recharge reduced
25 percent

Steady-state model 4,07 5.27 17.39 3.85 13
with maximum
recharge
increased
25 percent

Steady-state model 4.42 5.58 17.79 4,08 13
with maximum
evapotran-
spiration reduced
25 percent

Steady-state model 2.92 4.82 16.84 6.12 13
with maximum
evapotran-
spiration
increased
25 percent

Steady-state model 3.31 4.58 16. 44 3.77 13
with hydraulic
conductivity
reduced
50 percent

Steady-state model 3.92 5.44 17.83 5.36 13
with hydraulic
conductivity
increased
50 percent

1Suxmat.ion of simulated minus observed potentiometric heads in corresponding grid blocks divided by number

of observation wells with observed potentiometric heads. Positive number indicates simulated head was
higher than the observed head; negative number indicates simulated head was lower than the observed head.

2Suxmnat.ion of the absolute values of simulated minus observed potentiometric heads in corresponding grid
blocks divided by number of observation wells with observed potentiometric heads. The absolute value of a
number is the number without its associated sign. For example, the absolute value of 2 and -2 are the
same.

3Posibive difference when simulated head is greater than observed water level.

I'Nesaf.ive difference when simulated head is less than observed water level.
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SUMMARY AND CONCLUSIONS

During the Pleistocene Epoch, continental glaciers from the north and
east covered eastern South Dakota, depositing a blanket of glacial drift over
the preglacial bedrock surface. The drift can be subdivided into two major
types, till and outwash, that differ greatly in both physical and hydrologic
characteristics. Only the more sandy and gravelly glacial-outwash deposits
yield significant quantities of water to wells. The bedrock directly under-
lying the drift generally yields little or no water to wells. The natural
recharge, movement, and discharge of water in the outwash aquifers are
controlled by the lithology and stratigraphy of the surficial deposits and
the underlying bedrock units.

The units that comprise the complex hydrologic system in the glacial
outwash have been subdivided into three aquifers in the study area: the Elm,
Middle James, and Deep James aquifers. These aquifers generally are
separated from each other by till or other fine-grained sediments. The Elm
aquifer is the uppermost and largest of the aquifers and underlies about
351 mi? of the study area. The Elm includes all of the coarser-grained
outwash deposits above the altitude of 1,250 ft above sea level. The average
thickness of the Elm aquifer ranges from zero to 113 ft. The Middle James
aquifer underlies about 500 mi? of the study area. The maximum altitude of
the top of the aquifer is 1,250 ft and the minimum altitude of the bottom of
the aquifer is 1,150 ft. The average thickness ranges from zero to 111 ft.
The Deep James aquifer underlies about 52 mi2. The Deep James includes all
of the outwash deposits below the altitude of 1,150 ft above sea level.

Glacial meltwaters deposited an average of about 75 ft of fine sand,
silt, and clay on the bed of ancient Lake Dakota. These lake deposits are
not an important aquifer but commonly control recharge to and discharge from
the Elm and Middle James aquifers.

To improve understanding of the flow in the glacial-aquifer system, a
three-dimensional ground-water flow model was developed. To simulate ground-
water flow within an aquifer system, a number of simplifying assumptions must
be made. The simplifying assumptions for the glacial-aquifer system are:
(1) The aquifer system consists of three layers, (2) the aquifers are over-
laid by confining beds, (3) the bedrock is an impermeable lower boundary, (4)
all lateral boundaries are impermeable except along the northern and eastern
boundaries, which are specified head, (5) the James River, Maple River, Foot
Creek, and Moccasin Creek are hydraulically isolated from the aquifer system,
the Elm River is hydraulically connected at 32 river nodes, (6) all flow in
the aquifers is horizontal and in the confining beds vertical, (7) the
principal source of recharge is precipitation, which is controlled by the
thickness of the confining beds overlying the uppermost aquifer, and (8) the
primary method of discharge is evapotranspiration, which is controlled by the
thickness of the confining bed overlying the uppermost active layer.

A grid that contains 86 rows and 70 columns of equally spaced blocks,
each 0.5-mi wide and 0.5-mi long, was used to simulate the glacial-aquifer
system. The aquifer system was simulated under steady-state conditions and
under 12 monthly pumping periods for 198S.

The steady-state simulation represents the glacial-aquifer system under
equilibrium conditions; that is, water levels recovered to near-prepumping
levels during the nonirrigation season. The maximum available recharge to
the aquifer was 7.0 in/yr and occurred only where the confining bed overlying
the uppermost aquifer was not present. With an average confining bed
thickness greater than 0.0 ft and less than 50 ft, the recharge rate declined
linearly to 0.0 in/yr. The maximum potential evapotranspiration rate was
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35.4 in/yr and can occur only where no confining bed is present above the
uppermost aquifer. When the average confining bed thickness is greater than
zero and less than 50 ft, the maximum potential evapotranspiration decreases
linearly from 35.4 to 0.0 in/yr. The steady-state simulated water budget
indicates that recharge from precipitation accounts for 94.8 percent of the
water that enters the aquifer or 4.3-in/yr average for each active grid
block. Evapotranspiration accounts for 95.8 percent of the water that leaves
the aquifer or 4.6-in/yr average for each grid block.

Thirty-six consecutive monthly pumping periods from 1983 through 1985
were simulated. Recharge, evapotranspiration, and pumpage were adjusted
monthly. Only the 12 monthly pumping periods for 1985 are presented in this
report. In 1985, the maximum monthly recharge varied from 0.00 inch in
January, February, November, and December to 1.85 inches in May. The maximum
evapotranspiration varied from 0.00 inch in January, February, November, and
December to 1.35 inches in May. The simulated monthly water budgets varied
considerably as a result of changes in recharge, evapotranspiration, storage,
and pumpage.

Because the model is based on a number of simplifying assumptions, it
cannot represent exactly the hydrologic processes in the aquifer system. The
confidence in the model’s response needs to be based on an appraisal of the
analogy between the glacial-aquifer system and the model. Because the
aquifer characteristics are not known with certainty, the sensitivity of the
steady-state simulation to changes in recharge, evapotranspiration, and
hydraulic conductivity were tested. The sensitivity analysis indicates that
the model is most sensitive to reductions in recharge and least sensitive to
changes in hydraulic conductivity. Because the model was insensitive to
hydraulic conductivity, and recharge and discharge were widely distributed, a
large range of combinations of recharge and evapotranspiration could give an
equally good fit to the measured water levels. However, the values of
recharge and evapotranspiration used in the model are considered to be
reasonable estimates. The model is one of the best means of evaluating and
improving our understanding of the aquifer system and of testing the
sensitivity of various aquifer properties in the study area.
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